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RECYCLING AGRICULTURAL RUNOFF 
The r e c y c l i n g  a g r i c u l t u r a l  runof f  concept  i s  t h e  s t o r a g e  
of e x c e s s  w a t e r  from a g r i c u l t u r a l  l and  and u s i n g  t h i s  w a t e r  f o r  
i r r i g a t i o n  of t h e  same l a n d  when m o i s t u r e  s u p p l i e s  a r e  low. 
C o i n c i d e n t a l l y ,  t h e  sys tem a l s o  r e c y c l e s  p e s t i c i d e s  and n u t r i e n t s ,  
keeping them o u t  of o t h e r  p a r t s  o f  t h e  environment.  The c laypan  
s o i l s  o f  I l l i n o i s  appear  t o  b e  b e s t  s u i t e d  f o r  wa te r  r e c y c l i n g  
when s u r f a c e  s t o r a g e  i s  used.  Sandy s o i l s  a r e  b e s t  s u i t e d  t o  
i n t e r s t i t i a l  w a t e r  s t o r a g e .  
A review and a n a l y s i s  o f  l i t e r a t u r e  on i r r i g a t i o n ,  d r a i n a g e ,  
r e s e r v o i r s ,  p e s t i c i d e s ,  and n u t r i e n t s  a s  i t  p e r t a i n s  t o  a  r e c y c l i n g  
system i s  p r e s e n t e d .  N u t r i e n t  and p e s t i c i d e  r e c y c l i n g  r e s u l t  i n  
n e g l i g i b l e  c o s t  o r  b e n e f i t s  t o  a g r i c u l t u r a l  c r o p s .  There  was i n s u f -  
f i c i e n t  i n f o r m a t i o n  t o  de te rmine  t h e  economic b e n e f i t  t o  t h e  
environment o f  t h i s  r e c y c l i n g .  
A model was developed r e l a t i n g  i r r i g a t i o n  and d r a i n a g e  t o  c rop  
y i e l d  u s i n g  i n t e r m e d i a t e  v a r i a b l e s  of s o i l  m o i s t u r e  and a i r  t empera tu re .  
The model p r e d i c t e d  t h a t  a n  a c r e - f t .  o f  s t o r a g e  would b e  r e q u i r e d  p e r  
a c r e  o f  i r r i g a t e d  watershed.  The model was n o t  s u c c e s s f u l  a t  pre-  
d i c t i n g  t h e  i n c r e a s e  i n  y i e l d  r e s u l t i n g  from i r r i g a t i o n  a n d / o r  d r a i n a g e .  
An example economic a n a l y s i s  r e v e a l s  t h a t  under  p r e s e n t  con- 
d i t i o n s  r e c y c l i n g  a g r i c u l t u r a l  runof f  is n o t e c o n o m i c a l l y  j u s t i f i a b l e  
a s  a  g e n e r a l  p r a c t i c e  i n  t h e  c laypan  r e g i o n  of I l l i n o i s .  
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Foreword 
This  s tudy  was i n i t i a t e d  through t h e  i n t e r e s t s  of t h e  c e n t e r  d i r e c t o r ,  
who d iscussed  w i t h  t h e  au tho r s  of t h i s  r e p o r t  t h e  need t o  examine t h e  u t i l i -  
z a t i o n  of water  on a g r i c u l t u r a l  l ands .  I f  we a r e  t o  provide enough food f o r  
t h e  wor ld ' s  growing popula t ion ,  s c i e n t i s t s  must f i n d  means t o  modify t h e  
weather ,  c o n t r o l  f l oods  through e i t h e r  s t r u c t u r a l  o r  n o n s t r u c t u r a l  measures, 
and c l e a n  up t h e  environment. One important  way t o  p re se rve  our  waterways i s  
by r e u s i n g  wastewater r a t h e r  than d i scha rg ing  i t .  I n  a g r i c u l t u r e ,  t h e r e  i s  
a  need t o  reexamine land  dra inage  t o  s e e  whether i t  would b e  p r a c t i c a l  t o  
c a p t u r e  and s t o r e  dra inage  water  s o  t h a t  i t  can be  l a t e r  pu t  t o  b e n e f i c i a l  use  
f o r  i r r i g a t i o n .  A s  a  r e s u l t ,  r e seache r s  a r e  cons ider ing  va r ious  a l t e r n a t i v e s  
f o r  t h e  handl ing  of water  on a g r i c u l t u r a l  l ands .  
Because water  is  obviously a  prime r e q u i s i t e  f o r  crop product ion ,  irri- 
ga t ion  i s  p r a c t i c e d  i n  d r i e r  c l ima te s .  I l l i n o i s ,  however, is  considered t o  
have a  semihumid c l ima te  wi th  adequate  r a i n f a l l  f o r  f i e l d  c rops ,  and i r r i g a t i o n  
i s  n o t  p r a c t i c a l  except  i n  a r e a s  w i t h  sandy s o i l s .  Never the less ,  t h e  v a r i -  
a b i l i t y  of p r e c i p i t a t i o n  i n  I l l i n o i s  i s  such t h a t  annua l ly  t h e r e  a r e  smal l  a r e a s  
w i t h  i n s u f f i c i e n t  r a i n f a l l  f o r  maximum a g r i c u l t u r a l  p roduct ion ,  and occas iona l ly  
l a r g e  a r e a s  a r e  d e f i c i e n t  i n  p r e c i p i t a t i o n .  Furthermore, some s o i l s  r e t a i n  
water  f o r  use  throughout t h e  growing season,  whi le  o t h e r s  hold a  very  s h o r t  
supply 
This  s tudy  was c a r r i e d  on i n  a  reg ion  where t h e  s o i l  h a s  a  low water  
c a p a c i t y  and c rops  a r e  r e a d i l y  a f f e c t e d  by drought .  Given t h e  assumptions of 
t h i s  p r e l imina ry  i n v e s t i g a t i o n ,  t h e  r e s u l t s  a r e  n o t  a s  p o s i t i v e  a s  one might 
expec t .  An experimental  f i e l d  program c u r r e n t l y  under way, however, w i l l  
v i i i  
p rov ide  e m p i r i c a l  d a t a  on  which t o  ba se  d e c i s i o n s  as t o  whether  t h e  r e c y c l i n g  
of runof f  would b e  j u s t i f i a b l e  as a gene ra l  p r a c t i c e  i n  t h e  many r e g i o n s  of 
t h e  Midwest. 
It is  hoped t h a t  t h i s  s t udy  w i l l  encourage o t h e r  r e s e a r c h e r s  t o  a d d r e s s  
t h e  s i t u a t i o n  and t h a t  i n v e s t i g a t i o n s  w i l l  con t i nue  i n  o r d e r  t o  f u l l y  examine 
t h e  p o t e n t i a l  v a l u e  of conserv ing  and r e c y c l i n g  wa t e r  f o r  a g r i c u l t u r e .  
Glenn E. S t o u t  
D i r e c t o r  
Water Resources Center  
I. INTRODUCTION 
A .  CONCEPTS I N  RECYCLING RUNOFF 
The r e c y c l i n g  a g r i c u l t u r a l  r u n o f f  concept  is t h e  s t o r a g e  of 
e x c e s s  w a t e r  from a g r i c u l t u r a l  l a n d  and u s i n g  t h i s  w a t e r  f o r  i r r i g a t i o n  
of t h e  same land  when m o i s t u r e  s u p p l i e s  a r e  low. T h i s  p r o c e s s  i s  wide ly  
p r a c t i c e d  i n  subhumid a r e a s .  However, t h e  scope o f  t h i s  p r o j e c t  was 
l i m i t e d  t o  humid areas where m o i s t u r e  i s  p l e n t i f u l  on a  year-around 
b a s i s  b u t  i s  p o o r l y  d i s t r i b u t e d  s e a s o n a l l y ,  c a u s i n g  s u r p l u s  m o i s t u r e  
c o n d i t i o n s  e s p e c i a l l y  i n  t h e  s p r i n g  and d e f i c i e n t  m o i s t u r e  c o n d i t i o n s  
d u r i n g  t h e  summer. 
Water r e c y c l i n g  a l s o  i m p l i e s  t h e  r e c y c l i n g  of m a t e r i a l s  d i s -  
so lved  i n  t h e  wa te r .  T h i s  might i n c l u d e  n u t r i e n t s ,  p e s t i c i d e s ,  and 
sal ts .  S u p e r f i c i a l l y ,  it a p p e a r s  t h a t  t h i s  c o i n c i d e n t a l  r e c y c l i n g  
would have b o t h  n e g a t i v e  and p o s i t i v e  e f f e c t s .  The r e u s e  o f  n u t r i e n t s  
would appear  b e n e f i c i a l .  On t h e  o t h e r  hand, r e c y c l i n g  of p e s t i c i d e s  
would d i s p l a c e  t h e i r  e f f e c t  b o t h  s p a t i a l l y  and t e m p o r a l l y  making t h e i r  
r e u s e  u n d e s i r a b l e .  S a l t  r e c y c l i n g  would p robab ly  n o t  c a u s e  a problem. 
S ince  t h e  o n l y  wate r  which would b e  i r r i g a t e d  o n t o  t h e  c rop land  would b e  
r u n o f f  from t h e  s a m e  l a n d ,  t h e r e  would b e  l i t t l e  accumulat ion of s a l t .  
The removal and s t o r a g e  of s e a s o n a l  s u r p l u s  wa te r  and t h e  r e u s e  
of t h i s  w a t e r  t o  c o r r e c t  s e a s o n a l  d e f i c i e n t  w a t e r  s u p p l i e s  imply a 
management o f  t h i s  w a t e r  t o  o p t i m i z e  p r o f i t ,  e i t h e r  monetary o r  humani- 
t a r i a n .  T h i s  op t imized  p r o f i t  p robab ly  means a n  i n c r e a s e  i n  y i e l d  
b rought  abou t  by improved f i e l d  c o n d i t i o n s .  Improved f i e l d  c o n d i t i o n s  
can result from an improved soil-plant environment directly due to 
moisture management. Indirectly, moisture management can improve 
trafficability which allows field operations to be performed on time 
which in turn improves the soil-plant environment. 
Two water storage methods are considered within this 
research. One is the surface reservoir, the other is interstitial water 
storage in lower soil layers. 
B. RESEARCH OBJECTIVES 
The objective of this research is to determine the potential 
of agriculture runoff storage for serving as a source for irrigation and 
as a nutrient and pesticide trap. The scope of the project is limited 
to a review and analysis of the literature on various components of the 
runoff recycling system and a computer model to simulate the combination 
of some of these components. No field testing is included. 
C: JUSTIFICATION OF RECYCLING AGRICULTURAL RUNOFF STUDY 
Recycling agricultural runoff appears to have promise for 
increasing yield in some soils in humid regions. Undoubtedly, there will 
continue to be increased demand for food. This increased demand, on an 
international level, is simply the extra food needed to feed the extra 
mouths of an increasing population. On a national level, food is 
increasingly being looked to as a material to solve a balance of trade 
deficit . 
Presen t ly ,  t h e r e  i s  not  enough d a t a  a v a i l a b l e  t o  design an 
optimum a g r i c u l t u r a l  runoff r ecyc l ing  system. This  i s  no t  t o  imply t h a t  
t h e r e  i s  not  design information on dra inage  systems, s t o r a g e  r e s e r v o i r s ,  
o r  i r r i g a t i o n  systems. Information of t h i s  type i s  p l e n t i f u l .  The 
missing information i s  t h a t  requi red  t o  s i z e  t h e  ind iv idua l  p a r t s  t o  form 
an i n t e g r a t e d  system and then  t o  eva lua t e  i t s  increased  product ion 
p o t e n t i a l .  A s  a  s p e c i f i c  example consider  t h e  problem of eva lua t ing  
increased  y i e l d  due t o  improved drainage.  For one s o i l ,  information i s  
a v a i l a b l e  on t h e  expected improvement i n  y i e l d  i n  f i e l d s  which have been 
dra ined  over f i e l d s  which have not  been dra ined  i f  t h e  f i e l d s  a r e  p lan ted  
on t h e  same day. For another  s o i l ,  information i s  a v a i l a b l e  i n d i c a t i n g  
how much sooner a  dra ined  f i e l d  would become t r a f f i c a b l e  so t h a t  i t  
could be p lan ted .  And f i n a l l y ,  information i s  a v a i l a b l e  which suggest  
t h a t  an e a r l i e r  p l an t ing  d a t e  i nc reases  y i e l d .  However, t h e r e  a r e  no 
accepted methods f o r  i n t e g r a t i n g  t h e  dra inage  e f f e c t s  of improved s o i l -  
p l a n t  environment, improved t r a f f i c a b i l i t y  and e a r l i e r  p l a n t i n g  d a t e  so  
t h a t  t h e  t r u e  y i e l d  inc rease  due t o  dra inage  can be evaluated.  
D. SOIL TYPES 
1. Claypan S o i l s  
The shal low claypan s o i l s  of south  c e n t r a l  I l l i n o i s  have much 
more promise of b e n e f i t  from recyc l ing  a g r i c u l t u r a l  runoff  us ing  s u r f a c e  
r e s e r v o i r s  than  o the r  s o i l s .  These claypan s o i l s  have a  shal low si l t  
loam t o p s o i l  wi th  an  impermeable s i l t y  c l a y  s u b s o i l .  The s o i l  has  slow 
t o  moderate su r f ace  drainage and very  slow subsur face  drainage.  This  
s o i l  makes an e x c e l l e n t  candidate  f o r  s tudying  r ecyc l ing  a g r i c u l t u r a l  
runoff f o r  s e v e r a l  reasons:  
a .  Th is  s o i l  i s  r e p r e s e n t a t i v e  of t h e  s o i l  i n  a l a r g e  geographic  
a r e a .  There a r e  n e a r l y  5 m i l l i o n  a c r e s  of sha l low c laypan  
s o i l s  i n  I l l i n o i s  a l one .  See F igu re  1. 
b. The s o i l  i s  impermeablsmaking t h e  c o n s t r u c t i o n  of  impound- 
ments s imp le  and inexpensive.  
c.  The l and  is  q u i t e  f l a t .  There fore ,  convent iona l  d r a inage  
channe ls  must b e  ve ry  l a r g e  and expensive.  Th is  makes t h e  
a l t e r n a t i v e  of s t o r i n g  a g r i c u l t u r a l  r u n o f f ,  r a t h e r  t h a n  
t r a n s p o r t i n g  i t  away, more a t t r a c t i v e  economical ly .  
d. The sha l low t o p s o i l  w i t h  t h e  impermeable s u b s o i l  means t h a t  
c rops  develop on ly  a  sha l low r o o t  system. Hence, even s h o r t  
d ry  p e r i o d s ,  which a r e  n o t  uncommon d u r i n g  t h e  summer, qu i ck ly  
d e p l e t e  t h e  mo i s tu r e  i n  t h e  sha l low r o o t  zone and cause  s e v e r e  
c rop  damage. However, t h e  p o t e n t i a l  f o r  p roduc t ion  i n  t h e s e  
s o i l s  i s  g r e a t ,  evidenced by t h e  f a c t  t h a t  dur ing  t h o s e  rare 
y e a r s  i n  which mo i s tu r e  i s  e q u i t a b l y  d i s t r i b u t e d  throughout  
t h e  summer y i e l d s  on t h e s e  so iLs  r i v a l  t h e  b e s t  s o i l s  i n  t h e  
Midwest. These f a c t s  h e l p  make t h e  economics of i r r i g a t i o n  
v e r y  a t t r a c t i v e .  
e. And f i n a l l y ,  s t o r a g e  r e s e r v o i r s  a r e  t h e  on ly  p r a c t i c a l  method 
of o b t a i n i n g  i r r i g a t i o n  wate r  i n  t h e  a r e a .  There a r e  no 
a q u i f e r s  i n  t h e  a r e a  capab l e  o f  supply ing  w e l l  wa te r  i n  
s u f f i c i e n t  q u a n t i t i e s  f o r  i r r i g a t i o n .  
2. Sandy S o i l s  
I n  g e n e r a l  sandy s o i l s  a r e  no t  good cand ida t e s  f o r  t h e  s t o r a g e  
and r e u s e  of wa t e r .  Sand i s  v e r y  permeable and d e f i e s  t h e  s t o r a g e  of 
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water .  Often,  however, sand i s  found over  an impermeable l a y e r  
o r  a  h igh  wa t e r  t a b l e ,  t h u s  impeding t h e  downward movement of wate r  
and a l lowing  t h e  p o s s i b i l i t y  o f  i n t e r s t i t i a l  wa te r  s t o r age .  
I n t e r s t i t i a l  s t o r a g e  has  a n  advantage over  s u r f a c e  s t o r a g e  because 
i t  does  n o t  u se  l and  s u r f a c e  a r e a  f o r  s t o r age .  A d d i t i o n a l l y ,  t k e  
h igh  pe rmeab i l i t y  r a t e  of sand a l lows  t h e  u s e  of subsu r f ace  
i r r i g a t i o n .  
11. SANDY SOILS 
A. SUBSURFACE IRRIGATION SYSTEMS 
Figure  1 shows sandy s o i l s  i n  I l l i n o i s  t h a t  have a low r a t e  
of overland flow. A g r i c u l t u r a l  runoff c o n s i s t s  l a r g e l y  of seepage 
outflow. These s o i l s  occur along major s t ream v a l l e y s  and a r e  very 
respons ive  t o  i r r i g a t i o n .  The groundwater under t h e s e  s o i l s  can be 
used f o r  i r r i g a t i o n  i n  some cases  where t h e  a q u i f i e r  i s  s u i t a b l e  f o r  
t h e  development of we l l s .  I n  o the r  ca ses  sandy s o i l  i s  found over  an 
impermeable l a y e r  and t h e  n a t u r a l  cond i t i on  of t h e s e  s o i l s  i s  swampland 
o r  l a k e  bed. Surface drainage d i t c h e s  were i n s t a l l e d  t o  b r ing  t h e s e  
s o i l s  i n t o  product ion.  These gene ra l ly  a r e  a s soc i a t ed  wi th  a f l a t  
topography and a h igh  water t a b l e  t h a t  c l o s e l y  matches t h e  water  l e v e l  
i n  dra inage  d i t c h e s  except immediately a f t e r  h igh  r a i n f a l l .  This h igh  
water  t a b l e  and t h e  h igh  pe rco la t ion  r a t e  meet two of t h e  e s s e n t i a l  
requirements  f o r  success  of subsurface i r r i g a t i o n  systems. Various 
nomenclatures have been used a s  t h e s e  systems have gained some acceptance 
i n  about 200,000 a c r e s  of I l l i n o i s  s o i l s  t h a t  meet t h i s  d e s c r i p t i o n .  
Two common terms appl ied  t o  subsur face  i r r i g a t i o n  have been "cont ro l led  
drainage" and "water t a b l e  con t ro l . "  These terms have been d e s c r i p t i v e  
of such systems because of t h e  need t o  r a i s e  and lower t h e  water  t a b l e  
t o  meet a l t e r n a t e  dra inage  and i r r i g a t i o n  requirements  f o r  crops dur ing  
t h e  growing season. The e f f e c t i v e n e s s  of such systems t o  a g r i c u l t u r a l  
c r o p s  i n  t h e  Midwest was demonstra ted by Lembke and S i s s o n  (1964) and 
t o  h o r t i c u l t u r a l  c r o p s  by Harris e t  aR (1962). 
I l l i n o i s  h a s  a r e l a t i v e l y  s m a l l  a r e a  s u i t e d  t o  t h i s  p r a c t i c e  
when compared w i t h  t h e  Ne ther lands ,  F l o r i d a  and even o t h e r  midwestern 
s t a t e s  such as I n d i a n a .  N e v e r t h e l e s s  t h e r e  a r e  s e v e r a l  advan tages  of 
t h i s  p r a c t i c e  which make i t  v e r y  a t t r a c t i v e  (where i t  is a d a p t a b l e )  
compared t o  o t h e r  i r r i g a t i o n  methods. Some of  t h e s e  advan tages  have 
been d i s c u s s e d  by C r i d d l e  and K a l i s v a a r t  (1967, p. 913) and a r e :  
1. It is e f f e c t i v e  on droughty s o i l s  hav ing  low water-holding 
c a p a c i t i e s  and h i g h  i n t a k e  r a t e s  where o t h e r  methods may 
b e  i m p r a c t i c a l  from t h e  s t a n d p o i n t  of equipment and energy . 
c o s t s .  
2. Labor r e q u i r e m e n t ' a n d  equipment maintenance j.s low. 
3 .  S p e c i a l  l a n d  p r e p a r a t i o n  is n o t  n e c e s s a r y .  
4. C u l t u r a l  o p e r a t i o n s  i n t e r f e r e  less w i t h  i r r i g a t i o n  schedu l ing .  
There  a r e  some problems w i t h  s u b i r r i g a t i o n  sys tems  i n  I l l i n o i s ,  however, 
t h a t  l i m i t  t h e i r  e f f e c t i v e  u s e  t o  a  v e r y  narrow r a n g e  o f  c r o p s ,  s o i l s ,  
and management: 
1. The system g e n e r a l l y  works b e s t  when i t  i s  needed l e a s t .  
That  i s ,  w e  g e n e r a l l y  have a h i g h  w a t e r  t a b l e  t h a t  can  b e  
c o n t r o l l e d  when t h e r e  h a s  been r e c e n t  r a i n f a l l  and conse- 
q u e n t l y  t h e r e  i s  no c r o p  stress. 
2. It i s  n e c e s s a r y  t o  r e v e r s e  t h e  p r o c e s s  r a p i d l y  (maybe a t  a 
t i m e  when l a b o r  is n o t  a v a i l a b l e )  i n  t h e  even t  o f  e x c e s s i v e  
r a i n f a l l .  
3 .  When t h e  water t a b l e  i s  being held up, i t  i s  concave between 
d ra ins  and when i t  is being he ld  down, i.t i s  convex a s  shown 
i n  Figure 2 ,  thus requi r ing  narrower d r a i n  spacings f o r  c lose  
r egu la t ion  than where the  d r a i n  system is designed f o r  drainage 
alone.  
The authors  w i l l  descr ibe  how such systems may be used t o  
e f f e c t i v e l y  recycle  a g r i c u l t u r a l  runoff and how they a f f e c t  t h e  down- 
stream flow regime. 
B. THE HYDROLOGY AND OPERATION OF A SUBSURFACE IRRIGATION SYSTEM 
Where subsurface i r r i g a t i o n  i s  prac t iced  i n  I l l i n o i s ,  a l l  of 
t h e  land has been i n t e n s i v e l y  drained by cons t ruc ted  d i t c h e s  with very 
few t i l e  systems. ~ i l e  systems have not been used because of t h e  ungtable 
na tu re  of t h e  sandy s o i l s .  
Consider t h e  outflow of a  t y p i c a l  drainage d i t c h  t o  a  major 
t r i b u t a r y .  The hydrograph of flow during June appears a s  shown by t h e  
s o l i d  l i n e  i n  F igure  3 .  The most frequent  type of subsurface i r r i g a t i o n  
s t r u c t u r e  c o n s i s t s  of a  dam across  t h e  drainage d i t c h  wi th  ga te s  t o  
c o n t r o l  flow. These may be mechanized o r  they may c o n s i s t  of s toplogs  
which a r e  removed manually. L e t ' s  consider  t h e  e f f e c t  of water t a b l e  
c o n t r o l  on water s t a g e  and flow r a t e  immediately below such a  s t r u c t u r e .  
When more than adequate r a i n f a l l  occurs  during t h e  e a r l y  p a r t  of t h e  
sp r ing  season (February-May) a l l  of t h e  s toplogs  a r e  removed and t h e r e  i s  
no e f f e c t  of t h e  s t r u c t u r e  on stream flow a s  shown i n  Figure 3 .  After  
crops a r e  planted i n  May, s toplogs  a r e  i n s e r t e d  and t h e  water l e v e l  i s  
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r a i s e d  ups t ream from t h e  s t r u c t u r e  w i t h  a cor responding  d e c r e a s e  i n  
downstream f low.  T h i s  i s  a l s o  shown i n  F i g u r e  3. Some of t h e  w a t e r  i s  
used t o  f i l l  t h e  channe l ,  some f i l l s  t h e  s o i l  p o r e s  as t h e  w a t e r  t a b l e  
i s  r a i s e d ,  some w a t e r  goes  f o r  i n c r e a s e d  e v a p o r a t i o n a n d  t r a n s p i r a t i o n  
and t h e  remainder  p e r c o l a t e s  l a t e r a l l y  and w i l l  p robab ly  e n t e r  t h e  
s t r e a m  a t  some p o i n t  below t h e  gag ing  s t a t i o n .  Of c o u r s e ,  t h e  e f f i c i e n c y  
of a  s u b s u r f a c e  i r r i g a t i o n  system i n c r e a s e s  a s  a  g r e a t e r  p e r c e n t a g e  o f  
t h e  d e c r e a s e  i n  downstream f low i s  used f o r  t r a n s p i r a t i o n  of p r o d u c t i v e  
c r o p s .  The w a t e r  t a b l e  i n  t h e  ups t ream f i e l d s  deve lops  a  concave shape  
between d i t c h e s  o r  d r a i n  l i n e s  as shown i n  F i g u r e  2. It is obv ious  
t h a t  t h e  w a t e r  t a b l e  cannot  b e  t h e  same d e p t h  below t h e  p l a n t  r o o t  sys tem 
throughout  t h e  s p a c i n g  between d i t c h e s .  With a  w e l l  des igned  system, 
t h e  low p o i n t  w i l l  pe rmi t  a d e q u a t e  c a p i l l a r y  r i s e  i n t o  t h e  p l a n t  r o o t  
sys tem w h i l e  t h e  h i g h  p o i n t  shou ld  permi t  a d e q u a t e  a e r a t i o n  f o r  t h e  
p l a n t  r o o t s .  It h a s  been t h e  a u t h o r s '  o b s e r v a t i o n  t h a t  f o r  I l l i n o i s  s o i l s  
adap ted  t o  t h i s  t y p e  of i r r i g a t i o n  p r a c t i c e  t h i s  r a n g e  shou ld  b e  between 
two f e e t  and f o u r  f e e t  d u r i n g  t h e  t ime  of t h e  growing s e a s o n  t h a t  t h e  
c rop  h a s  t h e  g r e a t e s t  need f o r  w a t e r .  Lembke and S i s s o n  (1964) have found 
t h a t  on s o i l s  t y p i c a l  t o  many of  t h o s e  a d a p t a b l e  t o  s u b i r r i g a t i o n  i n  
I l l i n o i s  such  a  range  i n  d e p t h  is p o s s i b l e  w i t h  a  concave w a t e r  t a b l e  
between d i t c h e s  a t  a  s p a c i n g  of 660 f e e t .  
Now c o n s i d e r  t h e  e f f e c t  o f  a n  unexpected l a r g e  amount o f  r a i n -  
f a l l  i n  J u n e  a f t e r  t h e  w a t e r  t a b l e  h a s  been r a i s e d  t o  t h i s  concave shape.  
The w a t e r  t a b l e  w i l l  become h o r i z o n t a l  and t h e n  b e g i n  t o  t a k e  on t h e  
convex s b a p e  shown i n  F i g u r e  2 .  S ieben  (1964) h a s  t a k e n  30 cm from t h e  
ground s u r f a c e  a s  a c r i t i c a l  l e v e l  i n  humid a r e a s  , above which c r o p  
damage i s  l i k e l y  t o  occur .  I f  t h e  w a t e r  c o n t r o l  s t r u c t u r e  i s  w e l l  
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managed, s u f f i c i e n t  s top logs  w i l l  b e  removed t o  lower t h e  shal lowest  
p a r t  of t h e  water t a b l e  (between d i t c h e s )  s u f f i c i e n t l y  t o  prevent  crop 
damage due t o  poor a e r a t i o n .  Good weather f o r e c a s t i n g  and a l e r t  
management become e s s e n t i a l  f o r  t h e  success  of such an  opera t ion .  I n  
many cases  f o r  va luable  h o r t i c u l t u r a l  c rops ,  a  r e v e r s i b l e  pump system 
i s  used t o  supplement t h e  water  c o n t r o l  s t r u c t u r e .  The removal of 
s top logs  w i l l  cause an  inc rease  i n  t h e  downstream s t age .  I f  t h e  water 
c o n t r o l  s t r u c t u r e  is  opera ted  e f f ec t ive ly ,  t h e  water  s t a g e  and f low r a t e  
below t h e  s t r u c t u r e  w i l l  i nc rease  more r a p i d l y  a f t e r  a  sudden excess ive  
r a i n f a l l  t han  i t  would had no s t r u c t u r e  been p re sen t ,  much i n  t h e  same 
way t h a t  t h e  flow below a  f lood  c o n t r o l  dam inc reases  r a p i d l y  when 
water i s  r e l eased  a t  t h e  same time a s  a  per iod of i n t e n s i v e  runof f .  
The flow r a t e , t h e n  s t a b i l i z e s  and decreases  t o  t h e  po in t  where 
s top logs  aga in  a r e  i n s e r t e d  i n  t h e  water t a b l e  c o n t r o l  s t r u c t u r e .  It 
can be seen  from Figure 3  t h a t  t h e  d i f f e r e n c e  between t h e  base  flow ' 
r a t e  and t h e  peak of f lood  hydrographs could be  g r e a t e r  below a  w e l l  
managed c o n t r o l  s t r u c t u r e  than  had t h e r e  been no s t r u c t u r e  a t  a l l .  
The water  t a b l e  c o n t r o l  system descr ibed  h e r e  would n e c e s s a r i l y  
be  along a  s t ream wi th  an adequate supply of water .  The system would a l s o  
be  adaptable  t o  a  s i t u a t i o n  where a  pump would be  used t o  r ecyc le  seepage 
water  t o  t h e  reg ion  behind t h e  c o n t r o l  s t r u c t u r e .  The shaded a r e a  of 
t h e  hydrograph i n  F igure  3  r e p r e s e n t s  t h e  volume of water  t h a t  w i l l  be  
used f o r  a g r i c u l t u r e .  We conclude t h a t  peak flows from such systems 
w i l l  no t  be  reduced and may even be increased  whi le  base  flow w i l l  b e  
diminished. 
111. IRRIGATION OF CLAYPAN SOILS 
A. GENERAL CONSIDERATIONS 
1. V a r i a b i l i t y  of Yield 
Crop product ion i n  claypan s o i l  a r e a s  of I l l i n o i s  i s  lower 
than i n  o the r  a r e a s o f  deeper,more permeable s o i l .  It can a l s o  be 
shown t h a t  crop y i e l d s  a r e  more v a r i a b l e  on t h e  claypan, thus  inc reas ing  
r i s k  i n  a g r i c u l t u r e .  Table 1 shows y i e l d s  of corn i n  Effingham County 
compared wi th  Mason County and Champaign County over a per iod  of 
10 years .  
Table 1. Average corn y i e l d  i n  bushels  per  a c r e  i n  t h r e e  






































Each of t h e s e  c o u n t i e s  h a s  f a i r l y  uniform s o i l s  b u t  each ha s  a  
v e r y  d i f f e r e n t  s o i l  t y p e  from t h e  o t h e r s .  Champaign County ha s  most ly  
deep da rk  s o i l s  o f  r e c e n t  g l a c i a l  o r i g i n  t h a t  have been d r a ined  a r t i f i -  
c i a l l y .  Mason County ha s  sandy s o i l s  t h a t  have been depos i t ed  by wind 
and wate r .  Effingham County h a s  c laypan  s o i l s  which have been depos i t ed  
by a much e a r l i e r  g l a c i a t i o n  t han  t h o s e  i n  Champaign County. While 
co rn  produced pe r  a c r e  was l e s s  i n  Effingham Coun ty , i t  can  a l s o  be  
s een  t h a t  t h e r e  was g r e a t e r  v a r i a b i l i t y  i n  p roduc t ion .  I f  we cons ide r  
t h e  pe r cen t  v a r i a t i o n  between t h e  h i g h e s t  and lowes t  y i e l d  over  t h i s  
1 0  y e a r  p e r i o d , i t  was 50% f o r  Champaign, 45% f o r  Mason and 105% f o r  
Effingham. C e r t a i n l y  a p ro spec t i ve  farmer  i n  Effingham County would b e  
concerned about  t h e  r i s k  i n  a g r i c u l t u r e .  
Many of t h e  f a c t o r s  which i n f l u e n c e  t h e  y i e l d s  of c rops  on 
c laypans  a r e  r e l a t e d  t o  t h e i r  r e sponse  t o  t h e  a p p l i c a t i o n  of wate r  and 
a r e  impor tan t  c o n s i d e r a t i o n s  i n  t h e  r e c y c l i n g  of  a g r i c u l t u r a l  r uno f f .  
2. I n f i l t r a t i o n  Ra te  
The i n f i l t r a t i o n  rate of c laypan  s o i l s  i s  v e r y  low, p a r t i c u l a r l y  
a f t e r  t h e  f i r s t  20 i nches  of s o i l  have become s a t u r a t e d .  Runoff w i l l  
occur  u n l e s s  r a i n f a l l  o r  i r r i g a t i o n  r a t e s  a r e  low and n o t  o f  long  d u r a t i o n .  
The U n i v e r s i t y  of I l l i n o i s  I r r i g a t i o n  Guide (1965) g i v e s  an i n f i l t r a t i o n  
r a t e  of 0.5 i n c h e s  pe r  hour on s o i l  w i t h  no cover ,  b u t  many b e l i e v e  t h a t  
t h i s  v a l u e  should b e  reduced. The a u t h o r s  have found from f i e l d  expe r i -  
ence t h a t  s p r i n k l e r  i r r i g a t i o n  a p p l i c a t i o n  r a t e s  should b e  no more t han  
0.3 i n c h e s  pe r  hour f o r  10 hour a p p l i c a t i o n s  on a c laypan  s o i l .  
3. Avai lab le  Water Holding Capaci ty  
Genera l ly ,  by s tandard  measurements, heavy t e x t u r e d  s o i l s  have 
a  high a v a i l a b l e  water  holding c a p a c i t y  f o r  a  given depth.  Cisne s i l t  
loam was determined by P e t e r s  and B a r t e l l i  (1958) t o  have a  water  hold- 
i ng  c a p a c i t y  of 5.1 i nches  i n  t h e  f i r s t  21 inches .  The s t anda rd  measure- 
ment of a v a i l a b l e  water  i s  t o  determine water  con ten t  between a  -0.33 
atmosphere p o t e n t i a l  and a  -15.0 atmosphere p o t e n t i a l .  There i s  reason  
t o  ques t i on  t h i s  d e f i n i t i o n  when i t  i s  app l i ed  t o  c laypan s o i l s .  Research 
/ 
has  shown t h a t  whi le  t h e s e  l i m i t s  a r e . r e a s o n a b l e  f o r  coa r se  t ex tu red  
s o i l s ,  they  may r e s u l t  i n  va lues  t h a t  a r e  h igh  on h e a v i e r  t e x t u r e d  s o i l  
cond i t i ons .  For  t h e s e  heav ie r  s o i l s ,  t h e  e x t r a c t i o n  of water  by p l a n t s  
occurs  over  a  wider r ange .o f  s o i l  water  p o t e n t i a l  and s o i l  hyd rau l i c  
conduc t iv i t y .  Consequently,  t h e  amount a v a i l a b l e  f o r  a  p l a n t  becomes a  
func t ion  of no t  on ly  t h e  s o i l  water  con ten t  bu t  a l s o  t h e  evapot ransp i ra -  
t i o n  r a t e .  Denmead and Shaw (1962) observed t h a t  f o r  corn  on Colo s i l t y  . 
c l a y  loam s o i l  i n  Iowa d i f f e r e n t  a v a i l a b l e  water  c a p a c i t i e s  should b e  used 
wi th  d i f f e r e n t  evapo t r ensp i r a t i on  r a t e s .  They in t roduced  t h e  concept of 
a  t u r g o r  l o s s  po in t .  They def ined  t h i s  f o r  co rn  a s  t h e  s o i l  water  con ten t  
a t  which t h e  t r a n s p i r a t i o n  r a t e  f e l l  below t h e  p o t e n t i a l  evapotrans- 
1 p i r a t i o n  r a t e .  The t u r g o r  l o s s  po in t  f o r  corn  was found t o  be  a t  a  
h i g h e r  water  con ten t  than  t h e  s o i l  water  conten t  f o r  v i s i b l e  w i l t i n g  of 
t h e  crop.  The r e l a t i o n s h i p  between t h e  water  con ten t  i n  t h e  roo t  zone 
between -0.33 and -15.0 atmosphere p o t e n t i a l  and t h e  t u r g o r  l o s s  po in t  
1 P o t e n t i a l  t r a n s p i r a t i o n  r a t e  i s  t h e  t r a n s p i r a t i o n  r a t e  of a  p l a n t  
when t h e  s o i l  water  i s  a t  a  p o t e n t i a l  of -0.33 atmospheres.  
was determined a s  a f u n c t i o n  of  t h e  p o t e n t i a l  t r a n s p i r a t i o n  rate f o r  
Colo s i l t y  c l a y  loam and i s  shown i n  F igu re  4 .  Denmead and Shaw (1962) 
found t h a t  any day on which t h e  e v a p o t r a n s p i r a t i o n  r a t e  and wa t e r  
con t en t  i n t e r s e c t e d  below t h e  curve  i n  F igu re  4 t h e r e  was some s t r e s s  
on co rn  p l a n t s .  Denmead and Shaw (1962) took  d r y  m a t t e r  accumulat ion 
measurements on p l a n t s  t h a t  had been sub j ec t ed  t o  v a r i o u s  p e r i o d s  and 
i n t e n s i t i e s  of s o i l  wa t e r  stress. The number of stress days  and t h e  
r e d u c t i o n  i n  d ry  weight  from c o n t r o l  p l a n t s  was determined f o r  each  
t r e a tmen t .  A l i n e a r  r e g r e s s i o n  was f i t t e d  and i t  was found t h a t  t h e  
i n t e r c e p t  was no t  s i g n i f i c a n t l y  d i f f e r e n t  from zero.. Th is  meant t h a t  
w i t h  no s t r e s s  days  t h e r e  was no r e d u c t i o n  i n  y i e l d .  The s l o p e  of  t h e  
r e g r e s s i o n  l i n e  was c l o s e  t o  t h e  mean growth r a t e  o f  t h e  c o n t r o l  p l a n t s .  
Dale  and Shaw (1965) found a r e l a t i o n s h i p  between n o n s t r e s s  
days  du r ing  t h e  c r i t i c a l  growth pe r i od  and y i e l d  f o r  corn .  They found 
t h i s  c r i t i c a l  pe r i od  t o  be  t h e  n i n e  weeks beg inn ing  s i x  weeks b e f o r e  
s i l k i n g  and ending t h r e e  weeks a f t e r  s i l k i n g .  The work of  Dale  and 
Shaw (1965) was based on measurements t aken  w i t h  co rn  on Colo s i l t y  c l a y  
loam s o i l  i n  p o t s  g iv ing  a r e s t r i c t e d  r o o t  system. We concluded t h a t  
t h e  stress day concept  could b e  used t o  p r e d i c t  t h e  a v a i l a b l e  wa t e r  
ho ld ing  c a p a c i t y  of c laypan s o i l s  and c rop  y i e l d s  du r ing  a  g iven  yea r .  
B. ECONOMICS OF IRRIGATION 
Acreage of  i r r i g a t e d  a g r i c u l t u r a l  c rops  i n  I l l i n o i s  ha s  always 
i nc r ea sed  fo l l owing  d r y  y e a r s  and decreased  fo l l owing  s e v e r a l  y e a r s  of 
l a r g e  amounts of r a i n f a l l .  There h a s  a l s o  been a  l ong  term i n c r e a s e  
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Figure  4 .  Est imated percentage  of a v a i l a b l e  water  i n  r o o t  
zone a t  t h e  t u rgo r  l o s s  po in t  a s  a  func t ion  of 
p o t e n t i a l  evaporat ion.  
r e l a t e d  t o  technology.  Rober t s  (1951) made a s t u d y  of i r r i g a t i o n  and 
found t h a t  abou t  9,000 a c r e s  were i r r i g a t e d  i n  I l l i n o i s  of which o n l y  
abou t  13% were f i e l d  c r o p s .  Drab los  and R e i s s  (1969) found i n  a su rvey  
t h a t  improved technology accounted f o r  a g r e a t  p a r t  of t h e  i n c r e a s e  t o  
28,000 a c r e s  i r r i g a t e d  i n  1966. P r e s e n t  e s t i m a t e s  a r e  t h a t  approx i -  
mate ly  50,000 a c r e s  a r e  i r r i g a t e d  i n  I l l i n o i s  w i t h  t h e  g r e a t e s t  p o r t i o n  
b e i n g  f i e l d  c r o p s  i r r i g a t e d  from w e l l s .  F u r t h e r  developments o f  
t echnology  a r e  r e s p o n s i b l e  f o r  p a r t  of t h e  r e c e n t  i n c r e a s e ,  b u t  t h e  
economic p o t e n t i a l  f o r  i r r i g a t i o n  h a s  made i t  more a t t r a c t i v e  i n  r e c e n t  
y e a r s .  
1. A n a l y s i s  of I r r i g a t i o n  Systems 
Drab los  and R e i s s  (1969) a d d r e s s e d  t h e  q u e s t i o n :  W i l l  
i r r i g a t i o n  pay i n  I l l i n o i s ?  They concluded,  a f t e r  s u r v e y i n g  343 
i r r i g a t i o n  sys tems ,  t h a t  t h e r e  was l i t t l e  doubt  t h a t  i r r i g a t i o n  h a s  
been q u i t e  p r o f i t a b l e  on farms where s p e c i a l t y  c r o p s ,  such a s  snap beans  
and cucumbers, were grown under c o n t r a c t s  w i t h  cann'ing o r  p r o c e s s i n g  
companies. For t h e  systems i r r i g a t i n g  c o r n ,  soybeans  and o t h e r  feed  
and g r a i n  c r o p s ,  t h e  p r o f i t a b i l i t y  of i r r i g a t i o n  depended on t h e  r e s p o n s e  
of c r o p s  and s o i l s  t o  i r r i g a t i o n  and t h e  management p r a c t i c e s  of t h e  
o p e r a t o r .  They p repared  Tab le  2,which compared t h e  budget  e x p e r i e n c e  
of 17  f a r m e r s  on sandy s o i l  who used  i r r i g a t i o n  t o  17  who d i d  n o t  u s e  
i r r i g a t i o n .  While Table  2 shows t h e r e  was a y i e l d  i n c r e a s e  a t t r i b u t -  
a b l e  t o  i r r i g a t i o n ,  i t  a l s o  shows t h a t  f o r  t h e  a v e r a g e  i r r i g a t i n g  
fa rmer  added r e t u r n s  were o n l y  a d e q u a t e  t o  meet i n c r e a s e d  c o s t s .  On 
Table 2 .  S i ze  of farm, land  use ,  and r e l a t e d  v a r i a b l e s  on i r r i g a t i n g  
and non- i r r iga t ing  farms i n  Mason County (1966 and 1967 
averages)  from Drablos and Reiss (1969). 
- 
. Non- 
I r r i g a t i n g  i r r i g a t i n g  
farms farms 
Number of farms............................... 17 17 
Av. a c r e s  pe r  farm............................ 523 461 
T i l l a b l e  acres................................ 464 404 
.................. S o i l  p r o d u c t i v i t y  ra t ing . . . .  44 46 
Pc t .  of t i l l a b l e  land i n :  
................... Corn and corn s i l a g e . .  52.9 41.5 
Soybeans.......... ....................... 19.5 24.9 
....... Wheat and o t h e r  smal l  grains. . . . . .  8.8 15.7 
Snap beans and o t h e r  vegetables . . .  ....... 9 .O 0 .1  
Diverted a c r e s  and idle. . . . . . . . . . . . . . . . . .  4.8 5.6 
Hay and pasture.... . . . . . . . . . . . . . . . . . . . . . .  5.0 
Value of crop product ion,  dollars. . . . . . . . . . . . .  49,037 
Per  t i l l a b l e  a c r e ,  dollars.... . . . . . . . . . . .  105.69 
Crop y i e l d s ,  bu. /A. 
Corn..................................... 107 
Soybeans................. ................ 2 7 
Wheat.................................... 32 
Value of feed  f ed  pe r  t i l l a b l e  A., do l l a r s . . .  14.93 
Av. mo. of a l l  labor......................... 18.3 
Table  2  (con t inued)  
Investment  p e r  t i l l a b l e  a c r e .  d o l l a r s  
Feed. g r a i n .  seeds .  and l i v e s t o c k  5  7  
Machinery and equipment ( i n c  . au to )  ... 59 
.................... Land and b u i l d i n g s  333 
T o t a l  ............................ 44 9 
Re turns  p e r  t i l l a b l e  a c r e .  d o l l a r s  
..... To unpaid l a b o r .  c a p i t a l .  and mgt 
.................... To c a p i t a l  and mgt 
................ . Per  $100 i n v e s t e d  
Value of  farm produc t ion  pe r  t i l l a b l e  a c r e .  
d o l l a r s  ............................... 
Farm c o s t s  pe r  t i l l a b l e  a c r e .  d o l l a r s  
S o i l  f e r t i l i t y  ........................ 
Bui ld ings  and f ence  ................... 
Machinery and au to :  
Dep rec i a t i on  ..................... 15.52 7.29 
E l e c t r i c i t y .  gas.  and o i l  ........ 6.21 3.72 
Repa i r s  and a u t o  expense ......... 6.57 4.58 
H i r e  ............................. 1.79 1.18 
T o t a l  ........................ 30.09 16.77 
Labor 11.98 11.97 .................................. 
Taxes .....*............................ 4.56 5.43 
Seed and c rop  expense .................. 6.82 3.59 
L ive s tock  and misc ..................... 1.32 1 .37 
.................... I n t e r e s t  on c a p i t a l  
T o t a l  c o s t s  ....................... 95.35 69.21 
some farms, however, r e t u r n s  were g r e a t e r  than  c o s t s .  S t i l l  they 
found no c l e a r  advantage f o r  i r r i g a t i o n  of a g r i c u l t u r a l  crops i n  
t h e i r  s tudy.  Swanson and Jones (1966) used weather d a t a  and a 
y i e l d  response curve developed by Fulcher  (1961) t o  determine t h e  
p r o b a b i l i t i e s  of r e tu rn ing  va r ious  i n i t i a l  investments  i n  i r r i g a t i o n  
equipment. They found t h a t  on Flanagan s i l t  loam i n  Cen t r a l  
I l l i n o i s  i r r i g a t i o n  d id  not  compare t o  a corresponding investment 
i n  f e r t i l i z e r  and seeds. 
Asopa and Swanson (1969) used a v a i l a b l e  weather and crop  
product ion records  i n  I l l i n o i s  t o  e s t ima te  t h e  water  needs i n  order  t o  
main ta in  maximum corn y i e l d s  i n  I l l i n o i s .  They a l s o  s t u d i e d  t h e  e f f e c t  
of supplemental i r r i g a t i o n  on farm income us ing  a r eg re s s ion  model. 
They found t h a t  i r r i g a t i o n  r e s u l t e d  i n  a moderate i n c r e a s e  i n  average 
income and a s l i g h t  reduct ion  i n  t h e  va r i ance  of income throughout a 
succession of yea r s .  
Lembke and Jones (1972) used a s imu la t ion~mode l  t o  s tudy  t h e  
annual  n e t  r e t u r n s  f o r  d i f f e r e n t  i r r i g a t i o n  scheduling p r a c t i c e s  on 
two s o i l s .  They found i h a t ,  f o r  corn on a very sandy s o i l  wi th  only 
0.8 inches  of water  pe r  foot between-0.33 atmospheres p o t e n t i a l  and 
-15.0 atmospheres p o t e n t i a l ,  t h e r e  was an average r e t u r n  of $18 per  
a c r e  t h a t  could be  a t t r i b u t e d  t o  i r r i g a t i o n .  A s  t h e  water  conten t  
i n  t h i s  range increased  t o  1 .2  inches  pe r  f o o t  a s  would be common f o r  
a sandy loam s o i l ,  however, t h e  average i r r i g a t i o n  r e t u r n s  reduced t o  
$7 p e r  a c r e ,  and wi th  a s i l t  loam s o i l  t h e r e  was no b e n e f i t  f o r  
i r r i g a t i o n .  
A r ecen t  a n a l y s i s  of i r r i g a t i o n  c o s t s  by Schwab and Kidder 
(1976) i n  Michigan sllows t h a t  an  inc rease  of $110 o r  40 bushels  of 
corn pe r  a c r e  i s  t h e  cu r r en t  "break even" r e t u r n  f o r  an i r r i g a t i o n  
system i f  i t  i s  t o  be  f inanced over a seven-year per iod .  Perhaps $125 o r  
50 bushe ls  per  a c r e  a d d i t i o n a l  r e t u r n  would be necessary t o  make 
i r r i g a t i o n  a d e s i r a b l e  investment a l t e r n a t i v e .  
Why does i r r i g a t i o n  of corn and o t h e r  crops i n  I l l i n o i s  
cont inue  t o  i nc rease  wi th  such a pes s imis t i c  h i s t o r y  of economic s t u d i e s ?  
One reason i s  t h a t  wi th  t h e  high p r i c e  of s k i l l e d  l abo r  newer, more 
automated i r r i g a t i o n  systems have become d e s i r a b l e  investment opportu- 
n i t i e s .  A second reason is t h a t  investment i n  i r r i g a t i o n  equipment i s  
no t  u n l i k e  t h e  investment i n  more land i n  t h a t  i t  inc reases  a fa rmer ' s  
product ion base  and wi th  t h e  cu r r en t  i n f l a t i o n  of land p r i c e s  a 
c a p i t a l  investment i n  i r r i g a t i o n  seems more a t t r a c t i v e .  Another reason 
f o r  t h e  inc rease  of i r r i g a t i o n  i n  I l l i n o i s  is  t h a t  much of t h e  new 
i r r i g a t i o n  i n  I l l i n o i s  i s  not  on land t h a t  i s  a l r eady  product ive but  on 
sandy land t h a t  has  been marginal and p r e s e n t l y  i s  being brought i n t o  
product ion.  S t i l l  another  reason f o r  farmers  t o  use  i r r i g a t i o n  i s  t o  
t a k e  t h e  r i s k  out  of a g r i c u l t u r e .  
During 1976 an i r r i g a t i o n  experiment was conducted a t  t h e  
Un ive r s i t y  of I l l i n o i s  Agronomy Subs ta t ion  a t  Brownstown, I l l i n o i s .  
Surface and s p r i n k l e r  i r r i g a t i o n  was compared t o  no i r r i g a t i o n  f o r  a 
corn  crop on Cisne S i l t  Loam, a claypan s o i l .  Two r e p l i c a t i o n s  were 
made of each t rea tment .  Table 3 shows t h e  r e s u l t s  of t h i s  s tudy:  
Table 3. Yield,  bushe ls  per  a c r e ,  of corn under i r r i g a t i o n  
a t  Brownstown, I l l i n o i s .  1976. 
Spr inkler  Surf ace  No i r r i g a t i o n  
Rep l i ca t ion  1 145 162 5  0  
Rep l i ca t ion  2  133 142 - 2  2  
139 152 3  6  
Based on t h e  r e s u l t s  of t h e  1976 s tudy ,  i r r i g a t i o n  was a  
p r o f i t a b l e  venture .  K a i n f a l l  was f a r  below normal dur ing  t h a t  year .  
From June 30 t o  J u l y  20 the rewere0 .43  inches of r a i n f a l l .  Weather 
records  show t h a t  t h e r e  i s  over a  90% p r o b a b i l i t y  of a  g r e a t e r  amount 
of r a i n f a l l  during t h i s  per iod.  Ce r t a in ly  i r r i g a t i o n  would have taken 
t h e  r i s k  out  of I l l i n o i s  a g r i c u l t u r e  i n  1976. 
2. Water Storage Costs i n  I l l i n o i s  
The f e a s i b i l i t y  of r ecyc l ing  a g r i c u l t u r a l  runoff  w i l l  depend 
not  only on i r r i g a t i o n  c o s t s  and r e t u r n s ,  b u t  a l s o  on t h e  f e a s i b i l i t y  
of us ing  land a r e a  f o r  t h e  s t o r a g e  of s u r f a c e  runoff .  Some s i t e s  w i l l  
have a  g r e a t e r  p o t e n t i a l  f o r  economic s t o r a g e  than  o the r s .  
Dawes and Wathne (1968) conducted a  s tudy  of t h e  cos t  of 
r e s e r v o i r s  i n  I l l i n o i s .  They determined t h e  p r o j e c t  c o s t  f o r  r e s e r v o i r  
cons t ruc t ion  a s :  
*54 + .49 S  .87 PC = 9161 S  
where PC = t o t a l  p r o j e c t  c o s t  i n  d o l l a r s  
S  = r e s e r v o i r  s to rage  i n  acre- fee t  
K = land c o s t  i n  d o l l a r s  per  a c r e  
I n  t h e i r  s tudy ,  Dawes and Wathne (1968) found, a s  shown by 
Equation (I), t h a t  l a r g e  r e s e r v o i r s  a r e  more economical than  small  ones.  
This  economy of s i z e  was found t o  cont inue up t o  s t o r a g e  c a p a c i t i e s  of  
40,000 acre- fee t  f o r  most I l l i n o i s  topography. This  upper l i m i t  is 
g r e a t e r  than  t h e  s i z e  of most s i n g l e  farm runoff r ecyc l ing  r e s e r v o i r s ,  
t h u s  making a t t r a c t i v e  t h e  p o t e n t i a l  of  s e v e r a l  farmers  sha r ing  one 
s t o r a g e  r e s e r v o i r .  Dawes and Wathne (1968) d i d  no t  r e f i n e  t h e i r  
a n a l y s i s  f o r  va r ious  physiographic subd iv i s ions  of t h e  s t a t e .  
I V .  DRAINAGE OF CLAYPAN SOILS 
A. DRAINAGE REQUIREMENTS FOR CROP PRODUCTION 
During t h e  r e s p i r a t i o n  process  i n  t h e  r o o t  system of growing 
p l a n t s ,  0  is r equ i r ed  and an excess  of CO develops.  Unless t h e r e  i s  a  2 2 
good in te rchange  of a i r  between s o i l  and atmosphere, an  imbalance of 0 2 
and CO w i l l  develop. A de f i c i ency  of 0  w i l l  r e s u l t  i n  a  reduct ion  of 2 ', 2 
r o o t  r e s p i r a t i o n  and t o t a l  roo t  volume, a  decrease  i n  t h e  permeabi l i ty  of 
r o o t  membranes t o  water  and p l a n t  nu t r i en t s , and  t h e  formation of t o x i c  
compounds i n  t h e  p l a n t s  and s o i l .  An excess  of CO can become t o x i c  t o  2 
t h e  p l a n t  bu t  i t  has  gene ra l ly  been found i n  l i t e r a t u r e  t h a t  such 
excesses  a r e  not  a s  c r i t i c a l  a s  a  de f i c i ency  of 0  2 ' 
There a r e  secondary e f f e c t s  of low l e v e l s  of 0  i n  t h e  s o i l .  2 
Among t h e s e  a r e  decreased mine ra l i za t ion  of n u t r i e n t  elements and 
reduced microbio logica l  a c t i v i t y .  One p r a c t i c a l  a spec t  of t h e s e  
secondary e f f e c t s  i s  t h e  h igher  n i t rogen  f e r t i l i z e r  requirements on a  
poor ly  drained s o i l  a s  descr ibed by Sieben (1964) 
The l i m i t a t i o n  of oxygen is  a major r e s t r i c t i o n  f o r  growth of 
p l a n t s  on claypan s o i l  because of t h e  l i m i t e d  pore space a v a i l a b l e  f o r  
a e r a t i o n  of t h e  r o o t  system. Since p l a n t s  need water  a s  w e l l  a s  
oxygen and s i n c e  t h e r e  i s  a  very  smal l  r o o t  zone a v a i l a b l e  i n  a  c laypan 
s o i l ,  very c a r e f u l  water  management is requi red  f o r  optimum p l a n t  growth. 
Since techniques f o r  measuring a e r a t i o n  have not  been appl ied 
t o  claypan s o i l s ,  t h e  a e r a t i o n  requirements  f o r  crop product ion have not  
been defined.  A technique t h a t  i s  simple and t h a t  r e f l e c t s  an  in t e -  
g r a t i o n  of t h e  condi t ions  wi th in  t h e  s o i l  is  d e s i r a b l e .  One such 
technique i s  measurement of water t a b l e  depth. I n  coarser  tex tured  
s o i l s  t h e  water t a b l e  i s  easy t o  measure and can be  monitored throughout 
t h e  growing season t o  ob ta in  an in t eg ra t ed  e f f e c t  on crop y i e l d .  
Sieben (1964) developed one technique f o r  determining t h i s  i n t eg ra t ed  
e f f e c t .  He s e l e c t e d  30 cm below t h e  s o i l  s u r f a c e  a s  a  c r i t i c a l  water  
t a b l e  l e v e l  and then ca lcula ted  t h e  SEW value  where: 30 
and x = water- table  depths  below t h e  s u r f a c e  dur ing  t h e  growing season, i 
cm., on day i ' 
n  = a  day i n  t h e  growing season where t h e  f i r s t  day i s  1. 
Sieben (1964) found t h a t  above c e r t a i n  l e v e l s  of SEW t h e r e  was a  30 
decrease  i n  y i e l d  f o r  c e r e a l  gra in .  
Unfortunately t h e r e  is  not  a  good r e l a t i o n  between water t a b l e  
depth and a e r a t i o n  f o r  claypan s o i l s .  When t h e  water  t a b l e  drops t h e r e  
i s  a  very l i t t l e  i nc rease  i n  a e r a t i o n  s i n c e  much of t h e  water is  held 
a t  a  negat ive  p o t e n t i a l ,  and because water movement is  very slow. The 
s a t u r a t e d  zone above t h e  water t a b l e  i s  o f t e n  r e f e r r e d  t o  a s  t h e  cap i l -  
l a r y  f r inge .  While t h e  c a p i l l a r y  f r i n g e  may be a s  t h i n  a s  two o r  t h r e e  
inches  i n  a  coarse tex tured  soi l ,  i t  might b e  t h e  th ickness  of t h e  e n t i r e  
0 
roo t ing  depth of t h e  crop i n  a  claypan s o i l .  With t h i s  condi t ion  of 
s a t u r a t i o n ,  subsurface dra inage  w i l l  no t  be  of much he lp  i n  water  
management and i t  becomes necessary t o  u t i l i z e  s u r f a c e  drainage and 
s u r f a c e  evaporat ion t o  achieve t h e  necessary p l an t ing  and t i l l a g e  
opera t ions  i n  t h e  spr ing .  
Af ter  crops a r e  p lanted ,  s i n c e  s a t u r a t i o n  occurs  above the  water 
t a b l e ,  a e r a t i o n  measurements r a t h e r  than measurements of water t a b l e  
depth may g ive  a more r e a l i s t i c  p i c t u r e  of p l a n t  environment. E a r l i e r  
methods of measuring s o i l  a e r a t i o n  involved determinat ion of 0 and C02 2 
contents  of gas samples ex t r ac t ed  from t h e  s o i l .  Williamson e t  aZ. 
(1965) found 0 contents  of l e s s  than 4% i n  the  s o i l  a i r  f o r  wet con- 2 
d i t i o n s  above t h e  water t a b l e  i n  coarse  tex tured  s o i l s .  No information 
i s  a v a i l a b l e  i n  t h e  l i t e r a t u r e  f o r  t h e  optimum l e v e l  of a e r a t i o n  i n  a 
claypan s o i l  a s  t h i s  r e l a t e s  t o  crop growth. 
Another method of  d e t e r m i n i n g t h e  e f f e c t  of drainage on p l a n t  
growth i s  through y i e l d  measurements of crops wi th  d i f f e r e n t  l e v e l s  of 
combined i r r i g a t i o n  and r a i n f a l l .  The many o t h e r  f a c t o r s  t h a t  a f f e c t  
crop y i e l d  should be  maintained cons tant  i n  such a s tudy.  A five-year 
s tudy of t h e  e f f e c t  of su r face  dra inage  on corn y i e l d  was conducted by 
Sisson and Galloway (1964) on Clermont S i l t  Loam, a claypan s o i l  i n  
Indiana. They compared land smoothing wi th  bedding a s  su r face  drainage 
p r a c t i c e s  and found t h a t  land smoothing was t h e  b e t t e r  p r a c t i c e  using 
s tand ,  un i fo r in i tyo f  crop growth and y t e l d  a s  t h e i r  c r i t e r i a  f o r  
comparison. 
B. DRAINAGE REOUIREMENTS FOR TILLAGE OPERATIONS 
I n  order  t o  e s t ima te  f i e l d  working days f o r  a farmer,  a 
r e l a t i o n s h i p  must be  drawn between t h e  moisture content  of t h e  s o i l  and 
i t s  capac i ty  t o  undergo t i l l a g e  opera t ions .  The terms t r a c t i o n a b i l i t y  
and t r a f f i c a b i l i t y  have been used, o f t e n  i n  a  very  genera l  sense ,  t o  
desc r ibe  a  s o i l ' s  a b i l i t y  t o  be d r iven  a c r o s s  o r  t i l l e d .  Thornthwaite 
and Mather (1955) wrote t h a t  t r a c t i o n a b i l i t y  i s  determined by t h e  
fol lowing four  s o i l  c h a r a c t e r i s t i c s :  bear ing  capac i ty ,  shear ing  
s t r e n g t h ,  s u r f a c e  f r i c t i o n  c o e f f i c i e n t ,  and s t i c k i n e s s .  The au thors  
s t a t e d  t h a t  t r a c t i o n a b i l i t y  i nc ludes  f a r  more than  t r a f f i c a b i l i t y ,  
which i s  a term t h a t  a p p l i e s  on ly  t o  bear ing  capac i ty .  
The bear ing  capac i ty  of a  s u r f a c e  i s  def ined  a s  t h e  load 
per  u n i t  a r e a  which t h e  underlying m a t e r i a l s  can support  without  being 
crushed o r  without  s e t t l i n g  enough t o  impede movement. Shearing 
s t r e n g t h  i s  t h e  r e s i s t a n c e  of t h e  m a t e r i a l  t o  a  t a n g e n t i a l  fo rce .  
Surface f r i c t i o n  i s  t h e  r e s i s t a n c e  t o  r e l a t i v e  motion of two bodies  i n  
con tac t ,  a s  determined by t h e  c h a r a c t e r  of t h e  s u r f a c e s  of t h e  bodies  
and by t h e  p re s su re  t h a t  holds them i n  con tac t .  S t i c k i n e s s  i s  
descr ibed  a s  t h e  proper ty  of a  s o i l  causing i t  t o  s t i c k  t o  wheels,  
thereby making movement more d i f f i c u l t .  S o i l s  va ry  g r e a t l y  i n  t h e i r  
p r o p e r t i e s ,  bu t  moisture content  is  t h e  determining f a c t o r  i n  each 
i n d i v i d u a l  s o i l .  
Aldabagh (1971) defined t r a f f i c a b i l i t y  a s  t h e  capac i ty  of a  
s o i l  t o  wi ths tand  veh icu la r  t r a f f i c .  T r a f f i c a b i l i t y  i s  adequate i f  t h e r e  
i s  s u f f i c i e n t  bear ing  capac i ty  t o  support  t h e  v e h i c l e  and s u f f i c i e n t  t r ac -  
t i o n  capac i ty  t o  enable t h e  veh ic l e  t o  develop enough forward t h r u s t  t o  
overcome r o l l i n g  r e s i s t a n c e .  T rac t ion  f a i l u r e  can occur when t h e r e  i s  
adequate  bear ing  s t r e n g t h ,  bu t  bear ing  f a i l u r e  does not  occur without  
t r a c t i o n  f a i l u r e .  The au thor  noted t h a t  s o i l  mois ture  content  i s  
d e f i n i t e l y  t h e  most important f a c t o r  a f f e c t i n g  t r a f f i c a b i l i t y .  
Allman and Kohnke (1947) attempted t o  determine a t  what moisture 
t ens ion  s o i l  is  j u s t  dry enough t o  be  plowed. They recorded f i e l d  d a t a  
on s o i l  mois ture  content  and t h e  plowable condi t ion  of t h e  s o i l .  The 
dec i s ion  on whether o r  not  a  s o i l  was dry enough t o  be  plowed was 
based on empir ica l  observa t ions .  The wet plowing l i m i t  of a  number of 
medium and heavy t ex tu red  s o i l s  was found t o  be  between pF 2.7 and 
pF 3.0, where pF = l og  of nega t ive  ma t r i c  p o t e n t i a l  i n  ergsldyne,  
pF 2.7 corresponds t o  a  ma t r i c  p o t e n t i a l  of about -500 cen t ime te r s  of 
water ,  o r  -0.493 b a r ,  and pF 3.0 corresponds t o  -1000 cen t ime te r s ,  o r  
-0.983 ba r .  With sandy s o i l s ,  t h e  c r i t i c a l  pF va lues  were found t o  b e  
lower, gene ra l ly  between 1.8 and 2.3. 
Severa l  r e sea rche r s  have empi r i ca l ly  determined s o i l  moisture 
c r i t e r i a  f o r  t i l l a g e .  These c r i t e r i a  a r e  normally given a s  a  c e r t a i n  
percent  of f i e l d  capac i ty  o r  percent  of a v a i l a b l e  s o i l  moisture.  
C.  ECONOMICS OF DRAINAGE 
E l l i o t t  (1974) developed a  s o i l  wacer ba lance  model t o  p r e d i c t  
days a v a i l a b l e  f o r  t i l l a g e  i n  I l l i n o i s  dur ing  s p r i n g  months. He con- 
cluded t h a t  t h e  model could be used by I l l i n o i s  farmers  a s  a  planning 
a i d  i n  scheduling and s e l e c t i o n  of farm equipment and i n  choosing 
dra inage  systems. Wendte (1975) improved on E l l i o t t ' s  model t o  eva lua t e  
a  t ime l ines s  b e n e f i t  a s soc i a t ed  wi th  e a r l i e r  p l an t ing  a s  a  r e s u l t  of 
b e t t e r  drainage.  Timeliness  was def ined  by Hunt and Pa t t e r son  (1968) a s  
" t h a t  s t a t e  of be ing  opportune o r  optimum i n  f i e l d  operat ions."  A 
measure of t ime l ines s  i s  t h e  c o s t  accrued because a  f i e l d  ope ra t ion  i s  
not  completed on time. Drainage and weather a r e  two important  f a c t o r s  
i n f luenc ing  t ime l ines s  i n  humid reg ions .  
I n  humid r eg ions ,  where a v a i l a b l e  working days f r equen t ly  
l i m i t  t h e  t imely  conduct of f i e l d  ope ra t i ons ,  pena l ty  c o s t s  a s soc i a t ed  
w i th  untimely conduct of f i e l d  o p e r a t i o n s  a r e  u s u a l l y  measured by how 
p l a n t i n g  be fo re  o r  a f t e r  some optimum day in f luences  y i e l d .  
The r e l a t i o n s h i p  between t h e  p l a n t i n g  d a t e  of co rn  and y i e l d  
i n  t h e  corn b e l t  has  gene ra l l y  shown a  f avo rab l e  response  t o  e a r l y  
p l a n t i n g s  up t o  l a t e  Apr i l .  Aldr ich  and Leng (1965) and G r a f f i s  e t  aZ. 
(1975) found t h a t  t h e  b e n e f i t s  of e a r l y  p l a n t i n g  a r e :  a l onge r  growing 
season ,  g r e a t e r  v e g e t a t i v e  growth dur ing  coo le r  weather ,  e a r l i e r  s i l k i n g ,  
more e f f i c i e n t  u se  of a v a i l a b l e  s o i l  water  and e a r l i e r  ha rves t i ng .  
Pendleton and E g l i  (1969) c a r r i e d  o u t  a  p l a n t i n g  experiment f o r  corn on 
Flanagan s i l t  loam s o i l  i n  c e n t r a l  I l l i n o i s  and found t h a t  y i e l d s  
decreased l i n e a r l y  w i th  p l a n t i n g  d a t e s  a f t e r  A p r i l  30 a t  a  r a t e  of 1 .6  
bushe ls  per  day. 
Wendte (1975) used t h e  r e sea rch  r e s u l t s  of Pendleton and E g l i  
(1969) t o  o b t a i n  a  t i m e l i n e s s  c o s t ,  bu t  he a l s o  in t roduced  t h e  concept 
of t h e  e a r l i e s t  p o s c i b l e  p l a n t i n g  d a t e  w i th  p r i o r  a v a i l a b l e  f i e l d  work 
days. 
A t i m e l i n e s s  pena l ty  was c a l c u l a t e d  based on t h e  economic l o s s  
of t h e  market va lue  of y i e l d  decrease  l e s s  t h e  r educ t ion  i n  c o s t  of 
seed ,  f e r t i l i z e r ,  ha rves t i ng ,  hau l ing  and drying.  Using p r i c e  assumptions 
of Hinton (1975) f o r  t h e  next  f i v e  years,Wendte (1975) c a l c u l a t e d  t h e  
t i m e l i n e s s  pena l ty  f o r  each e a r l i e s t  p o s s i b l e  p l a n t i n g  d a t e  a f t e r  A p r i l  30 
f o r  given d ra inage  c r i t e r i a .  
Wendte (1975) a l s o  determined t h e  d ra inage  c o s t  t o  achieve a  
r educ t ion  i n  ' t ime l ines s  pena l ty  f o r  v a r i o u s  s o i l s .  The poores t  d ra ined  
s o i l  t h a t  Wendte (1975) s tudied  was E l l i o t t  s i l t  loam wi th  a permeabi l i ty  
of 0.5 inches pe r  hour. Using subsurface drainage and c o s t s  based on 
1975 d a t a ,  he a r r ived  a t  an optimum d r a i n  spacing of 80 f e e t  and a 
maximum n e t  t ime l iness  b e n e f i t  of $47 per  acre .  
Schwab e t  aZ. (1976) found t h a t  t h e  n e t  b e n e f i t  05 a t i l e  
drainage system on heavy s o i l s  i n  Ohio was $42 per  a c r e  when t h e  crop 
produced was corn. This compares c lose ly  t o  t h e  va lue  determined by 
Wendte f o r  heavy s o i l .  
V. RECYCLING CHEMICALS I N  RESERVOIRS 
Runoff water  from a g r i c u l t u r a l  land con ta ins  both  p e s t i c i d e s  
and n u t r i e n t s .  These chemicals may b e  d i s so lved ,  suspended, o r  
a t t ached  t o  s o i l  o r  c rop  r e s idue  p a r t i c l e s  which a r e  suspended i n  t h e  
runoff water.  These chemicals w i l l  be t rapped i n  t h e  s to rage  r e s e r v o i r  
w i th  t h e  water .  Some of t h e  chemicals w i l l  l e ave  t h e  r e s e r v o i r  w i th  
overflow water ,  some w i l l  be i r r i g a t e d  back onto t h e  c rop ,  some w i l l  be  
r e l e a s e d  t o  t h e  atmosphere, and t h e  remainder w i l l  accumulate i n  t h e  
r e s e r v o i r .  Recycl'ing a g r i c u l t u r a l  runoff  w i l l  h e l p  keep t h e s e  
chemicals ou t  of n a t u r a l  waterways and w i l l  i n c r e a s e  t h e i r  concentra- 
t i o n  on cropland. The o v e r a l l  r e s u l t  is a  combination of c o s t s  and 
b e n e f i t s .  
A. PESTICIDES 
1. Mechanisms f o r  Costs  and Bene f i t s  of P e s t i c i d e  Recycling 
It i s  ha rd ly  conceivable t h a t  recyc led  p e s t i c i d e s  would have 
any b e n e f i t  t o  crops they were app l i ed  to .  To be e f f e c t i v e  p e s t i c i d e s  
must be app l i ed  a t  a  s p e c i f i c  concent ra t ion  and a t  a  s p e c i f i c  t ime. 
The reduced concent ra t ion  and t h e  time l a g  i n  r ecyc l ing  would make them 
wor th less .  There i s  one b e n e f i t  of p e s t i c i d e  r ecyc l ing .  It he lps  keep 
t h e  p e s t i c i d e s  out  of n a t u r a l  waterways. P e s t i c i d e s  i n  waterways have 
a l l e g e d l y  been t h e  cause of many r epor t ed  f i s h  k i l l s  and supposedly 
many more unreported f i s h  k i l l s  and o t h e r  ca ses  of l e s s  dramatic  
e c o l o g i c a l  damage. However, t h e r e  a r e  no e s t i m a t e s  of t h e  economic 
b e n e f i t s  which could be derived by t rapping  t h e s e  p e s t i c i d e s  and 
reducing t h e i r  concent ra t ion  i n  s t ream flow from a g r i c u l t u r a l  l and .  
There a r e  numerous conceivable ways i n  which recycled 
p e s t i c i d e s  could be damaging. The term p e s t i c i d e  inc ludes  
he rb ic ides ,  i n s e c t i c i d e s ,  and fungic ides  a s  we l l  as less common 
groups of chemicals. It is  conceivable t h a t  any of t hese  p e s t i c i d e s  
could be of harm t o  man o r  o the r  consumers of a  crop i f  t h e  p e s t i c i d e  
were recycled onto a crop near  ha rves t  t i m e .  A p o s s i b i l i t y  of damage 
t o  t h e  crop i t s e l f  e x i s t s  i f  a  he rb ic ide  were recycled onto a  crop 
a t  a  d i f f e r e n t  time of development than i t  was o r i g i n a l l y  intended. 
For example, damage might r e s u l t  i f  a  pre-emergence h e r b i c i d e  were 
recycled onto a  c rop  a f t e r  t h e  crop emerged. A s  another  example, 
t h e r e  is  t h e  p o s s i b i l i t y  of damage i f  a he rb ic ide ,  o r i g i n a l l y  appl ied  
t o  a  r e s i s t a n t  crop,  were recycled t o  a  s u s c e p t i b l e  crop. This  type  of 
damage might r e s u l t  i(rherk one crop fol lows another  o r  with t h e  runoff 
from two crop f i e l d s  being recycled through t h e  same r e s e r v o i r .  
A l l  t h e s e  examples a r e  p o s s i b i l i t i e s  of harm r e s u l t i n g  from 
recyc l ing  p e s t i c i d e s .  However, a f t e r  personal  communications wi th  
prominent p e s t i c i d e  s c i e n t i s t s  (Metcalf [1976], S l i f e  [1976], and 
H i l t i b r a n  [1976]), t h e  au thors  have concluded t h a t  i t  is  un l ike ly  t h a t  
any s e r i o u s ,  unavoidable danger e x i s t s  from any of t h e s e  mechanisms. 
The g r e a t e s t  danger would l i e  with t h e  s i t u a t i o n  where a  he rb ic ide  
was appl ied  t o  a  r e s i s t a n t  spec ies , such  a s  corn,and runoff water was 
recycled  t o  a  s u s c e p t i b l e  spec ies , such  a s  soybeans, r e s u l t i n g  i n  
damage t o  t h e  soybeans. The danger here  i s  not unavoidable,  however. 
A simple s o l u t i o n  would be t o  produce only one crop s p e c i e s  a t  a time 
on land serv iced  by each recycl ing  r e se rvo i r .  
Simi l a r ly ,  t h e r e  is l i t t l e  s e r i o u s  danger of a  pre-emergent 
he rb i c ide  damaging an  emergent p l a n t  through recyc led  water .  For 
sp r ing  p lan ted  crops such a s  corn and soybeans, i r r i g a t i o n  water  i s  no t  
l i k e l y  t o  be app l i ed  u n t i l  long a f t e r  t h e  crop has emerged because drought 
i s  usua l ly  not  a  problem e a r l y  i n  t h e  growing season. 
2. L i t e r a t u r e  Review of P e s t i c i d e  Research 
a .  Monitoring Research 
The p r i n c i p a l  reason p e s t i c i d e  r ecyc l ing  i s  not  a  problem t o  
crop product ion is t h a t  runoff from a g r i c u l t u r a l  watersheds con ta ins  only 
a  small  p o r t i o n  of t h e  p e s t i c i d e  appl ied .  A s tudy  by Hamon (1975) a t  
t h e  Northern Appalachian Experimental Watershed shows t h a t  a  1.12 
kg/ha a t r a z i n e  a p p l i c a t i o n  l o s t  on ly  5.7% of t h e  he rb i c ide  i n  runoff .  
A 2.24 kg/ha simazine a p p l i c a t i o n  l o s t  only 3.8%,and f o r  a  4.48 kg/ha 
a p p l i c a t i o n  of sev in  only 5.77 g were washed o f f  during t h e  e n t i r e  
cropping season. 
M i l l e r  e t  aZ.(1967) repor ted  t h a t  a  1.12 kg/ha a p p l i c a t i o n  of 
para th ion  t o  a  c ranber ry  bog r e s u l t e d  i n  750 ppb i n  i r r i g a t i o n  d i t c h  
water .  Within 96 hrs .  t h e  concent ra t ion  had decreased t o  5 ppb. I n  
another  s tudy  A v e r i t t  (1967) added 4.48 kg/ha 2,4-D t o  a  n a t u r a l  body 
of water .  A 689 ppb concent ra t ion  r e s u l t e d  a f t e r  one day. Eleven ppb 
remained a f t e r  31 days. 
These a r e  but  a  few examples of t h e  l a r g e  amount of da t a  
a v a i l a b l e  concerning t h e  concent ra t ions  of p e s t i c i d e s  i n  su r f ace  waters .  
However, t h i s  d a t a  i s  n o t  as u s e f u l  as i t  might seem. F i r s t ,  t h e r e  
a r e  hundreds  of p e s t i c i d e s  p r e s e n t l y  i n  u s e  and t h e r e  a r e  thousands  of 
unique combinat ions  of c rop ,  c l i m a t e ,  topography,  e tc . ,  s i t u a t i o n s  
under  which t h e s e  p e s t i c i d e s  might b e  a p p l i e d .  No s u c c e s s f u l  way h a s  
been dev i sed  t o  e x t r a p o l a t e  p e s t i c i d e  r e s i d u e  d a t a  t o  new p e s t i c i d e s  
o r  new a p p l i c a t i o n  s i t u a t i o n s .  Second, p e s t i c i d e  r e s i d u e  c o n c e n t r a t i o n  
d a t a  i s  u s e l e s s  w i t h o u t  d a t a  concern ing  t h e  b i o l o g i c a l  s i g n i f i c a n c e  of 
t h e s e  c o n c e n t r a t i o n s .  B i o l o g i c a l  r e p e r c u s s i o n s  a r e  a l s o  p e s t i c i d e  and 
s i t e  s p e c i f i c  and a r e  undoubtedly  as d i f f i c u l t  t o  e x t r a p o l a t e  t o  new 
s i t u a t i o n s  as are p r e d i c t i o n s  of p e s t i c i d e  c o n c e n t r a t i o n  i n  t h e  wa te r .  
b. P r e d i c t i o n  Model Research 
Donigian and Crawford (1976) of Hydrocomp, I n c . ,  under a  
g r a n t  from t h e  U. S. Environmental  P r o t e c t i o n  Agency Fnvironmental  Research 
Lab a t  Athens,  Georg ia ,  have a t t a c k e d  t h e  f i r s t  o f  t h e s e  problems. They 
r e a l i z e  t h a t  i t  i s  i m p o s s i b l e  t o  c o l l e c t  r e s i d u e  d a t a  f o r  each  p e s t i c i d e  + 
under  a l l  c o n d i t i o n s .  T h e r e f o r e ,  t h e y  are deve lop ing  a computer model 
c a l l e d  ARM which,  g i v e n  i n f o r m a t i o n  about  a p a r t i c u l a r  p e s t i c i d e  and a 
s p e c i f i c  s i t e ,  can  p r e d i c t  t h e  amount of r e s i d u e  c o n t a i n e d  i n  runof f  
w a t e r .  The u l t i m a t e  g o a l  of t h e  c o n t i n u i n g  ARM model development e f f o r t  
is  t h e  e s t a b l i s h m e n t  o f  a methodology and a  t o o l  f o r  t h e  e v a l u a t i o n  o f  
t h e  e f f i c a c y  o f  management p r a c t i c e s  t o  c o n t r o l  t h e  l o s s  of sed iment ,  
p e s t i c i d e s ,  n u t r i e n t s ,  and o t h e r  nonpoint  p o l l u t a n t s  from a g r i c u l t u r a l  
l a n d s .  A b r i e f  r ev iew of t h i s  work is  i n  l i n e  h e r e  s i n c e  it r e p r e s e n t s  
t h e  most comprehensive a t t e m p t  t o  d a t e  t o  p r e d i c t  nonpoin t  p e s t i c i d e  
p o l l u t i o n .  
Except f o r  t h e  p o s s i b i l i t y  of wind e r o s i o n ,  t h e  movement o f  
p e s t i c i d e s  from t h e  c r o p  l and  t o  t h e  a q u a t i c  environment h a s  two 
mechanisms: b e i n g  t r a n s p o r t e d  by r u n o f f  w a t e r  d i r e c t l y  and by 
a t t achment  t o  sediment which i s  i n  t u r n  removed by r u n o f f .  E i t h e r  
method t h e n  c a n  o n l y  occur  d u r i n g  runoff-producing e v e n t s .  The s t a t u s  
of t h e  s o i l  m o i s t u r e  and t h e  p o l l u t a n t  p r i o r  t o  t h e  e v e n t  is a  major 
d e t e r m i n a n t  o f  t h e  amount of r u n o f f  and p o l l u t a n t s  t h a t  l e a v e  t h e  
l a n d  d u r i n g  t h e  even t .  The ARFI model t h e n  i s  d i v i d e d  i n t o  s e v e r a l  major  
components. The LANDS component s i m u l a t e s  t h e  r u n o f f  from t h e  wate r shed .  
The SEDT component s i m u l a t e s  t h e  sediment  p r o d u c t i o n  of t h e  wa te r shed .  
The ADSRB component s i m u l a t e s  t h e  p e s t i c i d e  a d s o r p t i o n / d e s o r p t i o n  t o  
s o i l  p a r t i c l e s  and t h e  amount of p e s t i c i d e  d i s s o l v e d  i n  t h e  wa te r .  
DEGRAD de te rmines  t h e  p e s t i c i d e  d e g r a d a t i o n .  And NUTRNT s i m u l a t e s  
n u t r i e n t  t r a n s f o r m a t i o n s  when t h e  model i s  used t o  p r e d i c t  n u t r i e n t  
p o l l u t i o n .  
The hydrology subprogram, LANTIS, d e r i v e d  from t h e  S t a n f o r d  
Watershed Model, i s  t h e  h e a r t  of t h e  AE3I model. I t . i s  b a s i c a l l y  a  
m o i s t u r e  a c c o u n t i n g  p rocedure  u s i n g  i n p u t s  of p r e c i p i t a t i o n  and 
e v a p o r a t i o n .  Paramete rs  w i t h i n  t h e  mathemat ica l  f u n c t i o n s  a r e  used t o  
c h a r a c t e r i z e  t h e  l a n d  s u r f a c e  and s o i l  p r o f i l e  c h a r a c t e r i s t i c s  of t h e  
watershed.  These pa ramete rs  must b e  s e l e c t e d ,  t e s t e d ,  and modi f i ed  
when LANDS i s  a p p l i e d  t o  a  new wate r shed .  
The sediment  l o s s  s i m u l a t i o n  was d e r i v e d  from work by Moshe 
Negev a t  S t a n f o r d  U n i v e r s i t y .  The ARM model i n c l u d e s  o n l y  s h e e t  and 
r i l l  e r o s i o n .  Sediment l o s s  i s  s i m u l a t e d  w i t h  two a l g o r i t h m s ,  one 
d e t e r m i n i n g  t h e  detachment o f  s o i l  f i n e s  by r a i n d r o p  impac t ,  t h e  
o t h e r  d e t e r m i n i n g  t h e  pickup and t r a n s p o r t  of t h e  s o i l  f i n e s .  
Once t h e  hydrology and sediment p r o d u c t i o n  of a watershed have 
been s i m u l a t e d ,  t h e  a d s o r p t i o n / d e s o r p t i o n  of t h e  p e s t i c i d e  o n t o  sediment 
p a r t i c l e s  de te rmines  t h e  amount of p e s t i c i d e  l o s s  which w i l l  occur .  
The ADSRB subprogram de te rmines  t h e  amount of a v a i l a b l e  p e s t i c i d e  which 
a t t a c h e s  t o  sediment p a r t i c l e s  and i s  l o s t  i n  e r o s i o n  and t h e  amount 
which i s  l o s t  i n  s o l u t i o n  i n  runof f  wa te r .  
The amount o f  p e s t i c i d e  a v a i l a b l e  f o r  removal d u r i n g  a runof f  
e v e n t  i s  dependent on  t h e  a p p l i c a t i o n  rate and t h e  a t t e n u a t i o n  of t h e  
p e s t i c i d e .  A t t e n u a t i o n  p r o c e s s e s  of v o l a t i l i z a t i o n  and d e g r a d a t i o n  by 
m i c r o b i a l ,  chemical ,  o r  photochemical  means o f t e n  account  f o r  t h e  
g r e a t  m a j o r i t y  of t h e  a p p l i e d  p e s t i c i d e  removed from t h e  s o i l  environment.  
It is  known t h a t  t h e s e  a t t e n u a t i o n  p r o c e s s e s  are a f f e c t e d  by s o i l  
m o i s t u r e ,  s o i l  t e m p e r a t u r e ,  s o i l  pH, e t c .  However, t h e  r e l a t i o n s h i p s  
are n o t  s u f f i c i e n t l y  w e l l  developed f o r  u s e  as p r e d i c t i o n  t o o l s .  A vol -  
a t i l i z a t i o n  model d e r i v e d  from work by Farmer and Le tey  was i n c l u d e d  
i n  t h e  DEGRAD subprogram b u t  was n o t  used because  of t h e  l a c k  o f  f i e l d  
d a t a  f o r  t e s t i n g  purposes .  The DEGRAD s ~ b p r o g r a m  assumed a s imple  
f i r s t  o r d e r  decay t o  estimate t h e  a t t e n u a t i o n  p r o c e s s .  . 
The ARM model was c a l i b r a t e d  and t e s t e d  a t  two wate r sheds  n e a r  
W a t k i n s v i l l e ,  Georgia.  One watershed is  a n a t u r a l  wa te r shed ;  t h e  
o t h e r  is a t e r r a c e d  watershed w i t h  a g r a s s  waterway. They r e c e i v e d  
i d e n t i c a l  management d u r i n g  t h e  1973 test  y e a r  i n c l u d i n g :  minimum 
t i l l a g e ,  p l a n t e d  t o  soybeans ,  and a p p l i c a t i o n  of h e r b i c i d e s  p a r a q u a t ,  
diphenamid,  and t r i f l u r a l i n  a t  t h e  rates of 1.1, 3.4,  and 1.1 kg/ha,  
r e s p e c t i v e l y .  However, t r i f l u r a l i n  was n o t  s i m u l a t e d  because  of a l a c k  o f  
r e l i a b l e  l a b o r a t o r y  d a t a .  Pa raqua t  is  t o t a l l y  adsorbed by t h e  s o i l  and 
c a n  o n l y  b e  t r a n s p o r t e d  w i t h  t h e  sediment .  Diphenamid c a n  b e  t r a n s -  
p o r t e d  b o t h  on sediment and i n  s o l u t i o n  i n  r u n o f f .  
A f t e r  comparing recorded  and s i m u l a t e d  r e s u l t s  from t h e  two 
w a t e r s h e d s ,  t h e  a u t h o r s  concluded t h a t  t h e  r u n o f f  and sediment  l o s s  
s i m u l a t i o n s  r e a s o n a b l y  r e p r e s e n t e d  t h e  observed d a t a .  However, t h e  
p e s t i c i d e  s i m u l a t i o n s  showed c o n s i d e r a b l e  d e v i a t i o n s  from recorded  
v a l u e s .  T h i s  was e s p e c i a l l y  t r u e  f o r  diphenamid. The a u t h o r s  f u r t h e r  
concluded t h e  r e s u l t s  demons t ra te  t h e  need t o  f u r t h e r  i n v e s t i g a t e  
t h e  p r o c e s s e s  of p e s t i c i d e  d e g r a d a t i o n  and p e s t i c i d e - s o i l  
i n t e r a c t i o n s  . 
The importance of t h e s e  c o n c l u s i o n s  t o  t h e  r e c y c l i n g  a g r i -  
c u l t u r a l  r u n o f f  s t u d y  i s  t h a t  t h e  s t a t e - o f - t h e - a r t  'is n o t  s u f f i c i e n t l y  
developed t o  a l l o w  p r e d i c t i o n  of t h e  p e s t i c i d e  c o n t a i n e d  i n  runof f  water, 
much less t h e  amount of p e s t i c i d e  which would b e  r e t u r n e d  t o  t h e  f i e l d  
i n  r e c y c l e d  r u n o f f .  T h i s  i s  demonstra ted by t h e  f a c t  t h a t  t h e  ARM 
model : 
1 )  r e q u i r e s  s i t e  s p e c i f i c  c a l i b r a t i o n  of i t s  h y d r o l o g i c  and 
sediment  y i e l d  subprograms 
2) c a n  b e  used on v e r y  few p e s t i c i d e s  because  of a l a c k  o f  
l a b o r a t o r y  d a t a  
3) cannot  r e a s o n a b l y  p r e d i c t  l o s s  of p e s t i c i d e s  on which 
l a b o r a t o r y  d a t a  i s  a v a i l a b l e  because  of a l a c k  of i n f o r m a t i o n  
a b o u t  a t t e n u a t i o n  p r o c e s s e s  and a d s o r p t i o n - d e s o r p t i o n  
f u n c t i o n s  
B. NUTRIENTS 
1. Mechanisms f o r  Costs and Benef i t s  of Nutr ien t  Recycling 
Recycling n u t r i e n t s  has  two b e n e f i c i a l  a spec t s .  F i r s t ,  
t hese  n u t r i e n t s  a r e  r e t a ined  f o r  use i n  crop production. The n u t r i e n t s  
d isso lved  i n  t h e  r e s e r v o i r  water could be used by i r r i g a t i o n  onto 
cropland. An a l t e r n a t i v e  use  f o r  crop production would be t o  use  
these  n u t r i e n t s  t o  grow aqua t i c  c rops  i n  t h e  s t o r a g e  r e se rvo i r .  
Aquatic product ion w i l l  be discussed i n  d e t a i l  i n  a  l a t e r  s ec t ion .  
Second, t hese  n u t r i e n t s  would be  prevented from en te r ing  and eutrophying 
n a t u r a l  waterways. Present  a g r i c u l t u r a l  p r a c t i c e s  al low n u t r i e n t s ,  
e i t h e r  d isso lved  o r  suspended i n  t h e  runof f ,  from heav i ly  f e r t i l i z e d  
a g r i c u l t u r a l  land t o  e n t e r  watercourses.  This  is  termed nonpoine 
source a g r i c u l t u r a l  po l lu t ion .  Eutrophicat ion,  p a r t l y  caused by 
a g r i c u l t u r e ,  has  d i r e c t  c o s t s  a s soc ia t ed  wi th  c leaning  the  water  f o r  
domestic and i n d u s t r i a l  use and wi th  l o s t  revenues from rec rea t ion .  
In add i t ion  t h e r e  a r e  i n d i r e c t  o r  nonmonetary cos t s  assoc ia ted  wi th  
t h e  a e s t h e t i c  a spec t s  of eu t rophica t ion .  
The poss ib l e  disadvantages of n u t r i e n t  r ecyc l ing  a r e ,  f i r s t ,  
t h e  p o s s i b i l i t y  of p l an t  damage due t o  applying t h e  n u t r i e n t s  t o  t h e  
p l an t  i t s e l f  r a t h e r  than t o  t h e  ground. This  would only be a  problem 
i f  s p r i n k l e r  i r r i g a t i o n  was used. It should be  pointed out  t h a t  t h e  
p o s s i b i l i t y  of damage i s  very  s l i g h t ,  e s p e c i a l l y  i n  l i g h t  of t h e  low 
n u t r i e n t  concent ra t ion  t h a t  would be  expected and t h e  r e l a t i v e l y  high 
n u t r i e n t  concent ra t ions  which have been used success fu l ly  i n  t h e  
f o l i a r  a p p l i c a t i o n  of n u t r i e n t s  by s p r i n k l e r  i r r i g a t i o n .  A second 
poss ib l e  problem would be d i f f i c u l t i e s  a r i s i n g  from t h e  eu t rophica t ion  
of t h e  s t o r a g e  r e s e r v o i r .  Filamentous a l g a e  growth could conceivably 
cause d i f f i c u l t i e s  wi th  t h e  i r r i g a t i o n  system. 
Information about t h e  q u a n t i f i c a t i o n  of n u t r i e n t s  from 
cropland runoff i s  i n  two ca t egor i e s .  The f i r s t  i s  information on 
t h e  amount of n u t r i e n t s  i n  runoff water.  This information is  use fu l  
f o r  eva lua t ing  t h e  p o t e n t i a l  f o r  environmental improvements through 
t h e  use  of r e s e r v o i r s  f o r  runoff t rapping.  The second category i s  
information about t h e  concent ra t ion  of n u t r i e n t s  i n  r e s e r v o i r s .  This  
information i s  u s e f u l  f o r  eva lua t ing  t h e  p o t e n t i a l  f o r  decreased 
f e r t i l i z e r  c o s t  due t o  n u t r i e n t  concent ra t ions  i n  t h e  i r r i g a t i o n  water 
from t h e  r e s e r v o i r .  
2. Nu t r i en t s  i n  Runoff 
The models which have been developed t o  p r e d i c t  n u t r i e n t  
balances a r e  concerned pr imar i ly  wi th  determining t h e  n u t r i e n t  concentra- 
t i o n  and t o t a l  n u t r i e n t  l o s s  -through s u r f a c e  runoff .  The ARM model 
(Donigian and Crawford, 1976), discussed i n  d e t a i l  i n  t h e  s e c t i o n  on 
p e s t i c i d e s ,  a l s o  has  a subprogram, NUTR, which p r e d i c t s  n u t r i e n t  l o s s  
from eros ion ,  su r face  washoff, l eaching ,  and b i o l o g i c a l  conversion. How- 
ever ,  numerous assumptions were necessary f o r  model development, and t h e  
model has  not  y e t  been compared with f i e l d  da ta .  Fur ther  development 
of t h e  model i s  expected. 
Qthe r  n u t r i e n t  models i nc lude  t h e  work by Dutt e t  az.(1972) 
a t  t h e  Univers i ty  of Arizona. This  model was developed from d a t a  from 
i r r i g a t e d  land i n  a r i d  reg ions  and would be  d i f f i c u l t  t o  adapt  t o  
humid regions without ex tens ive  f i e l d  eva lua t ions .  
Another model developed by Hagin e t  aZ. (1974) i s  designed 
t o  p r e d i c t  complete n i t rogen  and phosphorous ba lances  f o r  a g r i c u l t u r a l  
land.  The model takes  i n t o  account changes i n  r e a c t i o n  r a t e s  caused by 
temperature,  pH, moisture and oxygen l e v e l s .  The model has  not  been 
compared wi th  f i e l d  da t a .  
F r e r e  e t  aZ.(1975) of t h e  A g r i c u l t u r a l  Research Serv ice  
have developed t h e  Agr i cu l tu ra l  Chemical Transport  Model, ACTMO. The 
n u t r i e n t  po r t ion  of t h e  model has  not  been t e s t e d  on f i e l d  d a t a .  
None of t h e  above models is gene ra l ly  accepted f o r  p r e d i c t i n g  
n u t r i e n t  l o s s e s  i n  runoff .  F i e l d  d a t a  may provide some i n d i c a t i o n  of 
expected n u t r i e n t  l o s s e s .  A s  a f i r s t  approximation, consider  t h e  
n i t r a t e  l e v e l s  i n  t h e  Vermilion and Sangamon Rivers  i n  I l l i n o i s .  These 
r i v e r s  d r a i n  heav i ly  a g r i c u l t u r a l  r eg ions  which a r e  h igh ly  f e r t i l i z e d .  
Metcalf (1970) r epo r t ed  t h e i r  1966-69 n i t r a t e  concen t r a t ion  averaged 
38.0 and 32.6 ppm re spec t ive ly .  
A s tudy  was conducted by Asmussen and Sheridan (1976) near  
T i f t o n ,  Georgia,on t h e  L i t t l e  River watershed. This  32,751 ha watershed 
i s  approximately 37% cropland. The remainder is woodland and grass .  
During 1975 t h e  average NO -N concent ra t ion  i n  t h e  runoff was 0.18 ppm. 3 
This  amounted t o  178. g/ha NO -N from t h e  watershed. During t h e  same 3 
per iod  t h e  watershed reached a r a i n f a l l  i npu t  of 261. g/ha of NO3-N. 
The ortho-phosphorus load from t h e  watershed was 119. g/ha-yr. 
T i l e  d r a i n a g e  must n o t  b e  over looked as a means f o r  t r a n s -  
p o r t i n g  n u t r i e n t s  from crop land .  Baker e t  aZ. (1975) made a four-year  
s t u d y  of t i l e  d r a i n a g e  wate r  q u a l i t y  i n  c e n t r a l  Iowa. NO -N averaged 3  
14.6 kg/ha-yr f o r  t h e  p e r i o d  1970-73. Annual phosphorus l o s s e s  
were  n e g l i g i b l e .  
The t h r e e  s t u d i e s  mentioned above a r e  u s e f u l  i n  t h a t  t h e y  
p r o v i d e  .an i n d i c a t i o n  of t h e  range  o f  n u t r i e n t  l e v e l s  which might b e  
expec ted  i n  runof f  from humid c rop lands .  However, t h e s e  s t u d i e s  
were on permeable s o i l s .  K i s s e l  e t  ak (1976) made a s t u d y  of n i t r o g e n  
l o s s e s  i n  r u n o f f  from Houston Black Clay ,  a  s w e l l i n g  c l a y  s o i l  w i t h  a 
r e l a t i v e l y  low p e r m e a b i l i t y .  T h i s  s t u d y  was made i n  t h e  b l a c k l a n d  
p r a i r i e  of Texas w i t h  wa te r sheds  cropped t o  a r o t a t i o n  o f  g r a i n  sorghum, 
c o t t o n ,  and o a t s .  For  t h e  e n t i r e  f ive -year  s t u d y ,  t h e  mean c o n c e n t r a t i o n  
of NO -N i n  r u n o f f  was 2.6 ppm NO -N. The mean l o s s  of NO -N was 3  3  3  
3.2 kg/ha-yr.  Losses  of sed iment -assoc ia ted  N were a b o u t  5  kg/ha-yr. 
The c laypan  s o i l  of c e n t r a l  Missour i  i s  s i m i l a r  t o  t h e  
c l a y p a n  s o i l  o f  s o u t h  c e n t r a l  I l l i n o i s .  Heinemann (1975) r e p o r t e d  s o l u b l e  
N l o s s e s  from t h i s  s o i l  d u r i n g  1973 ranged from 9 t o  36 lb /A from 
n o - t i l l  c o r n  and 11 t o  42 lb /A from c o n v e n t i o n a l l y  t i l l e d  corn .  N 
a p p l i c a t i o n s  ranged from 87 t o  324 l b s / A  on b o t h  t i l l a g e  t r e a t m e n t s .  
Losses  from n o - t i l l  and c o n v e n t i o n a l l y  t i l l e d  c o r n  were 10.5 and 11.0 
l b s / A  when a p p l i c a t i o n s  were n e a r  t h e  optimum rate of  155 1bsfA. 
3. N u t r i e n t s  i n  R e s e r v o i r s  
S t u d i e s  r e p o r t i n g  n u t r i e n t  c o n c e n t r a t i o n  i n  runof f  w a t e r  g i v e  
a n  i n d i c a t i o n  of t h e  amount of n u t r i e n t s  which l e a v e  c rop land .  But,  
t h i s  information i s  not  a  good i n d i c a t i o n  of t h e  amount of n u t r i e n t s  
which might be re turned  t o  t h e  cropland by i r r i g a t i n g  captured runoff 
water.  Only one s tudy was found which attempted a  n u t r i e n t  balance on 
a  small  a g r i c u l t u r a l  r e se rvo i r .  G i l l  e t  a L ( 1 9 7 6 )  made a  n u t r i e n t  
balance s tudy of t h r e e  a g r i c u l t u r a l  watersheds i n  nor thern  
Miss i s s ipp i .  G i l l  e t  a l . e s t ima ted  t h e  n u t r i e n t s  rece ived  by each of 
t h e  watersheds s i n c e  t h e i r  cons t ruc t ion ,  a  t ime range of 15  t o  19 
years .  They a l s o  measured t h e  amount of n u t r i e n t s  contained i n  sed i -  
ment. They found t h a t  an  average of 24% of t h e  n i t r o g e n  and 53% of t h e  
inorganic  phosphorus received by t h e  r e s e r v o i r s  was i n  t h e  sediments 
of t h e  r e s e r v o i r s .  The h igher  percentage of phosphorus was not sur-  
p r i s i n g  because phosphorous compounds a r e  l e s s  so lub le  and a r e  
u sua l ly  t r anspor t ed  a t t ached  t o  s o i l  p a r t i c l e s .  The n u t r i e n t s  no t  i n  
t h e  sediment were assumed t o  have e i t h e r  passed through t h e  r e se rvo i r ,  
been l o s t  a s  gases  from b i o l o g i c a l  decomposition, o r  n o t  reached 
t h e  r e s e r v o i r  a s  pred ic ted .  I f  t h e  l a t t e r  occurred, then t h e  percentage 
of n u t r i e n t s  t rapped i n  t h e  sediment would be  h igher .  I n  e i t h e r  case ,  
t h e  n u t r i e n t s  trapped by t h e  sediments gene ra l ly  could not  be  appl ied  
back t o  cropland through i r r i g a t i o n  water .  
The b e s t  i n d i c a t i o n  of t h e  amount of n u t r i e n t s  a v a i l a b l e  f o r  
i r r i g a t i o n  back on cropland was found i n  a  s tudy of pond water q u a l i t y  
i n  a  c laypan s o i l  i n  Washington County, I l l i n o i s ,  made by Dickey and 
Mi tche l l  (1975). The watersheds s tudied  were predominantly i n  Cisne- 
Hoyleton and Bluford-Wynoose s o i l  a s s o c i a t i o n  a r e a s .  These s o i l s  a r e  
t y p i c a l  of t h e  s o i l s  throughout t h e  claypan reg ion  of southern 
c e n t r a l  I l l i n o i s .  Four c u l t i v a t e d  watersheds were s tud ied .  Figure 5 
shows t h e  average monthly t r ends  i n  n i t r a t e  n i t rogen  f o r  t h e  four  
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watersheds. Note t h a t  t h e  NO -N concen t r a t ions  a r e  h ighes t  i n  t h e  3 
winter  months when they cannot be u t i l i z e d  i n  i r r i g a t i o n  water .  
NO -N concent ra t ions  dur ing  t h e  summer a r e  only  about 0.7 ppm. 3 
A y e a r l y  i r r i g a t i o n  amount of s i x  inches  wi th  t h i s  concent ra t ion  of 
n i t rogen  would provide only about one pound of n i t rogen  pe r  a c r e ,  a  
n e g l i g i b l e  amount. 
V I .  MUL,TIPLE USES OF RESERVOIRS 
The p o r t i o n  of t h e  l and  which i s  used as a s u r f a c e  r e s e r v o i r  
obv ious ly  cannot  be  used f o r  t h e  p r o d u c t i o n  of t r a d i t i o n a l  c rops .  
T h i s  does  n o t  mean t h a t  t h e  r e s e r v o i r  a r e a  cou ld  n o t  be  as p r o d u c t i v e ,  
o r  even more p roduc t ive ,  t h a n  i t  cou ld  b e  f o r  growing corn .  
A. RECREATION 
--
One p r o d u c t i v e  u s e  which cou ld  b e  made of t h e s e  r e s e r v o i r s  
i s  r e c r e a t i o n .  No s t u d i e s  have been made on t h e  r e t u r n  which cou ld  b e  
r e a l i z e d  from t h e  r e c r e a t i o n a l  u s e s  of a l a r g e  number o f  s m a l l  r e s e r v o i r s  
r e q u i r e d  t o  i r r i g a t e  s o u t h  c e n t r a l  I l l i n o i s .  Many s m a l l  p r i v a t e l y  
owned r e s e r v o i r s  do o b t a i n  a s i z e a b l e  income from f i s h i n g  and o t h e r  
r e c r e a t i o n .  However, t h e s e  r e s e r v o i r s  are few and a r e  u s u a l l )  l o c a t e d  
n e a r  urban a r e a s .  R e c r e a t i o n a l  income d a t a  from t h e s e  r e s e r v o i r s  
could  n o t  b e  e x t r a p o l a t e d  t o  p r e d i c t  income from t h e  proposed irri- 
g a t i o n  r e s e r v o i r s .  I n  a d d i t i o n ,  r e c r e a t i o n a l  u s e  of t h e  w a t e r  would 
most l i k e l y  b e  made d u r i n g  t h e  summer, t h e  s a m e  t i m e  t h e  w a t e r  would 
b e  i n  s h o r t  supp ly  due t o  i r r i g a t i o n .  S t i l l  a n o t h e r  c o n s i d e r a t i o n  
would b e  t h e  a d d i t i o n a l  l o s t  c rop land  t o  p r o v i d e  p u b l i c  a c c e s s  t o  t h e  
r e s e r v o i r s .  I n  s h o r t ,  r e c r e a t i o n  d o e s  n o t  appear  t o  b e  a v i a b l e  
a l t e r n a t i v e  u s e  of r e s e r v o i r  area excep t  i n  s p e c i a l  c a s e s .  
B. AQUACULTURE 
Aquacu l tu re ,  i.e., t h e  p r o d u c t i o n  of a q u a t i c  c r o p s ,  might 
p r o v i d e  a n  a l t e r n a t e  u s e  of r e s e r v o i r  l and .  At p r e s e n t  t h e  o n l y  
a q u a t i c  c rop  grown commercially i n  f r e s h  water r e s e r v o i r s  i n  t h e  U.S. 
is  f i s h .  P r a c t i c a l l y  a l l  f i s h  farmed i n  I l l i n o i s  and t h e  Midwest a r e  
f o r  s p o r t  purposes.  These f i s h  a r e  so ld  f o r  s t ock ing  i n  o t h e r  
r e s e r v o i r s  t o  provide  f i s h i n g .  The s p o r t  market f o r  f i s h  is so  
r e l a t i v e l y  smal l  it would be  u n r e a l i s t i c  t o  assume t h a t  more t han  a 
few of t h e s e  i r r i g a t i o n  r e s e r v o i r s  could be  used f o r  t h e  product ion of 
s p o r t  f i s h .  
The product ion of food f i s h  could conceivably u t i l i z e  l a r g e  
amounts of r e s e r v o i r  a rea .  Food f i s h  a r e  t hose  which a r e  produced 
f o r  d i r e c t  p roces s ing , e i t he r  i n t o  human food,  animal food,  o r  f i s h  
meal. Food f i s h  a r e  not  being produced i n  I l l i n o i s  ponds a t  p r e s e n t  
except  on a ve ry  smal l  s c a l e .  However, r e c e n t  experimental  work by 
Buck (1976) a t  Forbes Lake near  Kinmundy, I l l i n o i s ,  has  shown t h a t  
food f i s h  product ion  does hold some hope f o r  t h e  near  f u t u r e .  During 
a 170-day per iod  (May t o  October) i n  1975 Buck produced a remarkable 
2,971 and 3,834 kg of f i s h  per  h e c t a r e  i n  two s e p a r a t e  e a r t h  ponds. 
The ponds rece ived  no a r t i f i c i a l  c i r c u l a t i o n  o r  a e r a t i o n .  The n u t r i e n t  
source  was swine manure. Buck's f i s h  product ion  system s t i l l  has  some 
s e r i o u s  d e f e c t s .  Yearly product ion i s  h igh ly  v a r i a b l e .  Also, some 
of t h e  e x o t i c  s p e c i e s  Buck used t o  o b t a i n  t h e s e  h igh  y i e l d s  a r e  now 
r e s t r i c t e d  f o r  p r i v a t e  u se  i n  I l l i n o i s  and most o t h e r  American s t a t e s  
u n t i l  f u r t h e r  r e sea rch  i d e n t i f i e s  t h e i r  e f f e c t  on t h e  n a t u r a l  a q u a t i c  
environment. Nevertheless ,  ~ u c k ' s  work does i n d i c a t e  t h e  ve ry  l a r g e  
p o t e n t i a l  a v a i l a b l e  f o r  food f i s h  product ion which could u t i l i z e  l a r g e  
a r e a s  of r e s e r v o i r s .  
Aside from t h e  problems of t h e  f i s h  product ion procedure 
i t s e l f ,  t h e r e  a r e  t h e  problems of making t h i s  p roduct ion  system work 
coope ra t i ve ly  w i th  an i r r i g a t i o n  system. The major problem i s  t h a t  
t h e  growing season of t h e  f i s h ,  t h e  summer, i s  t h e  t i m e  when t h e  
water  l e v e l  i n  t h e  r e s e r v o i r  w i l l  be  low because of water  usage f o r  
i r r i g a t i o n .  Addi t iona l ly ,  some y e a r s  t h e  r e s e r v o i r  might be emptied 
f o r  i r r i g a t i o n .  This  does no t  mean t h a t  t h e  two systems a r e  incom- 
p a t i b l e .  It only  means t h a t  management dec i s ions  would have t o  be made. 
For example, i t  could be decided t o  cons t ruc t  t h e  r e s e r v o i r  l a r g e  
enough t h a t  i t  would be  emptied by i r r i g a t i o n  only on a  l a r g e  
recur rence  i n t e r v a l ,  o r  i t  could be  decided t o  s tock  t h e  f i s h  so  t h a t  
they  might be  c a r r i e d  on a  smal l  pool  s i z e ,  o r  perhaps h a r v e s t  t h e  
f i s h  be fo re  pool  s ize 'becomes too small .  A management dec i s ion  might 
even be  t o  no t  i r r i g a t e .  t h e  corn  i n  o rde r  t o  save  t h e  f i s h  crop,  
depending on t h e  r e l a t i v e  va lue  of t h e  two crops.  Although aqua- 
c u l t u r e  may one day provide an  a l t e r n a t e  use  f o r  i r r i g a t i o n  r e s e r v o i r s ,  
t h e  au tho r s  conclude t h a t  a t  p r e sen t  i t  i s  not  a  s u i t a b l e  a l t e r n a t i v e .  
V I I .  WATER BALANCE AND YIELD MODEL 
A water  ba lance  model was developed t o  p r e d i c t  s o i l  moisture 
condi t ions  i n  claypan s o i l s  which i n  t u r n  were used t o  p r e d i c t  corn 
y i e l d s .  The water  balance model included a r ecyc l ing  r e s e r v o i r  and 
i r r i g a t i o n  and dra inage  systems s o  t h a t  t h e i r  e f f e c t s  on s o i l  moisture 
and, t h e r e f o r e ,  crop y i e l d  could b e  evaluated.  It was necessary t o  
develop a new crop y i e l d  model because o t h e r  models considered d id  not  
have provis ions  f o r  e i t h e r  a r ecyc l ing  r e s e r v o i r  o r  a dra inage  system. 
A. REVIEW OF YIELD MODELS 
Runge (1968) s tud ied  how maximum d a i l y  temperature and r a in -  
f a l l  i n t e r a c t  a t  va r ious  t imes dur ing  t h e  growing season and a f f e c t  
corn y i e l d  on deep loam s ~ i l  i n  c e n t r a l  I l l i n o i s .  Runge developed t h r e e  
r eg re s s ion  models f o r  p r e d i c t i n g  percentage change i n  corn y i e l d  a s  a 
func t ion  of temperature and p r e c i p i t a t i o n  occurrences above o r  below 
average f o r  two- o r  eight-day per iods  dur ing  t h e  growing season. The 
t h r e e  models produced d i s s i m i l a r  r e s u l t s .  Resu l t s  from two of t h e  models 
were averaged f o r  p r e d i c t i o n  purposes.  
Changnon (1969) p red ic t ed  corn y i e l d s  i n  I l l i n o i s  using a 
r eg re s s ion  equat ion  r e l a t i n g  weather d a t a  and dummy technologica l  
v a r i a b l e s  t o  corn y i e l d s .  The model was used t o  p r e d i c t  t h e  i n c r e a s e  
i n  y i e l d  due t o  i r r i g a t i o n .  The model d id  n o t  t a k e  dra inage  i n t o  con- 
s i d e r a t i o n  bu t  d id  account f o r  s o i l  type  by d iv id ing  t h e  s t a t e  i n t o  12 
geographic regions.  Each region had i t s  own reg res s ion  equat ion.  The 
model showed t h a t  f o r  one reg ion ,  which included p a r t  of t h e  claypan 
s o i l  a r e a ,  4.8 inches  of i r r i g a t i o n  water  per  year  would inc rease  y i e l d  
3 7  t o  49 percent  i n  4 of 20 years .  
Fulcher  (1961) a l s o  used a r eg re s s ion  equat ion  f o r  p r e d i c t i n g  
corn y i e l d  on Flanagan s i l t  loam s o i l  i n  I l l i n o i s .  The equat ion used 
n i t r o g e n  a p p l i c a t i o n ,  p l an t  popula t ion ,  and s o i l  mois ture  i n  t h e  period 
from 7 days be fo re  t o  10 days a f t e r  an thes i s .  The model was developed us ing  
two yea r s '  da t a  from i r r i g a t e d  and not  i r r i g a t e d  p l o t s .  Swanson and Jones 
(1966) used t h i s  model t o  e s t ima te  t h e  economics of i r r i g a t i n g  corn i n  t h e  
Urbana, I l l i n o i s ,  a rea .  They concluded t h a t  i r r i g a t i o n  was not  economically 
f e a s i b l e  f o r  t h a t  a r ea .  
B. WATER BALANCE MODEL 
A water balance model was developed t o  p r e d i c t  d a i l y  s o i l  moisture 
and s t o r a g e  r e s e r v o i r  pool s i z e  a s  a func t ion  of r a i n f a l l ,  temperature,  pan 
evapora t ion ,  drainage spacing and i r r i g a t i o n .  The water balance i s  d iv ided  
i n t o  two systems. These two systems a r e  t h e  s o i l  system and t h e  r e s e r v o i r  
system. These two systems a r e  schemat ica l ly  i l l u s t r a t e d  i n  F igures  6 and 7. 
These systems were updated every day i n  t h e  model by inc reas ing  t h e  amount 
of water  i n  s t o r a g e  i n  each system by t h e  a l g e b r a i c  sum of t h e  i n p u t s  
and outputs .  
1. S o i l  Water System 
The s o i l  system was def ined  a s  a 19-inch l a y e r  of permeable 
s o i l  over an  impermeable l a y e r .  A subsur face  d r a i n  l i n e  was assumed t o  
be  a t  t h e  permeable l a y e r  i n t e r f a c e .  The d r a i n  spac ing  was a v a r i a b l e  
i n  t h e  model. 
The s o i l  was assumed t o  have two regimes of water:  t h e  
d r a i n a b l e  water  and t h e  a v a i l a b l e  water .  The d r a i n a b l e  water  i s  t h a t  
which can be  removed by subsurface d r a i n s  o r  by evapo t r ansp i r a t ion .  
PRECIPITATION IRRIGATION 
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F i g u r e  6. I n p u t s  and o u t p u t s  of t h e  s o i l  
sys tem i n  t h e  wa te r  b a l a n c e  model. 
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F i g u r e  7 .  I n p u t s  and o u t p u t s  o f  t h e  r e s e r v o i r  sys tem 
i n  t h e  wa te r  b a l a n c e  model. 
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The a v a i l a b l e  water must be  removed by evapot ranspi ra t ion .  The amount 
of dra inable  water  is  ind ica t ed  by t h e  he ight  of t h e  water  t a b l e  above 
t h e  subsurf ace d ra in .  
The National  Cooperative S o i l  Survey (1975) r e p o r t s  t h a t  f o r  
Cisne s e r i e s  s o i l  t h e  permeable top  l a y e r  extends t o  a  depth of 19 
inches and has an a v a i l a b l e  water  capac i ty  of 0.20 t o  0.24 inches  of 
water  per  inch of s o i l .  The permeabi l i ty  below 19 inches i s  l e s s  than 
0.06 i n . / h r .  The model uses 19-inch permeable s o i l  depth and an ava i l -  
a b l e  water capac i ty  of 0.22 r e s u l t i n g  i n  a  t o t a l  of 4.18 inches  of 
a v a i l a b l e  water  a t  f i e l d  capaci ty .  
The d ra inab le  water capaci ty ,  i . e . ,  d ra inab le  pore space,  
was assumed cons tant  and was est imated by t h e  r e l a t i o n s h i p  between 
d ra inab le  pore space and hydraul ic  conduc t iv i ty  repor ted  by Dylla  (1966) 
a s  fol lows:  
f  = 0.1151 loglO K + 0.1005 
where 
f  = dra inab le  pore space (given a s  a  f r a c t i o n  of  t h e  t o t a l  s o i l  
volume) f o r  a  range between 0.05 and 0.35 
K = hydraul ic  conduct iv i ty  ( i n .  /hr.) 
The National  Cooperative S o i l  Survey (1975) r e p o r t s  t h a t  f o r  
Cisne s e r i e s  s o i l  t h e  permeabi l i ty  i s  0.06 t o  0.6 in./hr, .  The model uses 
a  permeabi l i ty  of 0.5 i n . / h r .  The r e s u l t a n t  d ra inab le  pore space i s  0.0659. 
Daily inpu t s  and ou tpu t s  were added t o  t h e  two water  regimes 
sys t ema t i ca l ly .  Water i n p u t s  of p r e c i p i t a t i o n  o r  i r r i g a t i o n  were made 
t o  t h e  a v a i l a b l e  water capaci ty  u n t i l  i t  was f u l l .  Excess water  was 
added t o  t h e ' d r a i n a b l e  water capaci ty .  Evapot ranspi ra t ion  was .taken 
from t h e  d r a i n a b l e  w a t e r  c a p a c i t y  u n t i l  i t  was d r y ,  t h e  remainder  was 
t a k e n  from t h e  a v a i l a b l e  wa te r  c a p a c i t y .  Subsur face  d r a i n a g e  c a q  of 
c o u r s e ~ o n l y  come from t h e  d r a i n a b l e  wa te r  c a p a c i t y .  Runoff came 
from n e i t h e r  s o i l  m o i s t u r e  regime; i n s t e a d  i t  was p r o p o r t i o n e d  from 
t h e  p r e c i p i t a t i o n  b e f o r e  i t  e n t e r e d  t h e  s o i l .  Each s o i l  w a t e r  i n p u t  
and o u t p u t  i s  d i s c u s s e d  i n  f u r t h e r  d e t a i l  below. 
P r e c i p i t a t i o n  was t h e  d a i l y  p r e c i p i t a t i o n  r e c o r d s  from 
Effingham, I l l i n o i s .  E v a p o t r a n s p i r a t i o n  was c a l c u l a t e d  from a n  
e q u a t i o n ,  s i m i l a r  t o  t h a t  g iven by P i e r c e  (1960),  as f o l l o w s :  
where 
AE = d a i l y  a c t u a l  e v a p o t r a n s p i r a t i o n  ( in . /day)  
UPE = unad jus ted  d a i l y  p o t e n t i a l  e v a p o t r a n s p i r a t i o n  ( in . /day)  
L = day l igh t -hours  c o r r e c t i o n  f a c t o r  
D = s o i l - d r y n e s s  c o r r e c t i o n  f a c t o r  
R = r a i n f a l l  c o r r e c t i o n  f a c t o r  
The c o r r e c t i o n  f a c t o r s  R ,  D ,  and L are g i v e n  a s  dec imal  r e d u c t i o n s  
s o  t h e y  can a l l  b e  m u l t i p l i e d  t o g e t h e r  w i t h  UPE t o  o b t a i n  AE. 
UPE was e s t i m a t e d  u s i n g  t h e  method of Thorn thwai te  (1948) 
and t h e  g r a p h i c a l  a i d s  of Palmer and Havens (1958). The c a l c u l a t i o n s  
may b e  summarized a s  f o l l o w s :  
1. Obta in  t h e  long-term mean monthly t e m p e r a t u r e s  (degrees  
F a h r e n h e i t )  f o r  Urbana, I l l i n o i s ,  from U.S.  Environmental  
Data S e r v i c e  (1974). 
2. From Palmer and Havens (1958) o b t a i n  t h e  a p p r o p r i a t e  monthly 
h e a t  index  cor responding  t o  t h e  mean t e m p e r a t u r e  f o r  each  o f  
t h e  12  months and sum them t o  o b t a i n  t h e  a n n u a l  h e a t  index .  
3. For t h e  annual hea t  index o b t a i n  weekly va lues  of UPE 
a s  a func t ion  of mean d a i l y  temperature from Palmer 
and Havens (195 8) . 
4. Obtain d a i l y  va lues  of UPE by d iv id ing  weekly va lues  of 
UPE by 7.0. 
The va lues  of UPE obtained i n  Step 4 r ep re sen t  t h e  p o t e n t i a l  
mois ture  l o s s  f o r  one day having 12 day l igh t  hours.  The dayl ight -  
hours  c o r r e c t i o n  f a c t o r  L i s  used t o  a d j u s t  UPE f o r  day l igh t  l eng ths  
longer  o r  s h o r t e r  than  12 hours.  Taken s e p a r a t e l y ,  UPE times L y i e l d s  
t h e  va lue  of d a i l y  p o t e n t i a l  evapot ranspi ra t ion .  L i s  t h e  day l eng th  
d iv ided  by 12. Duf f i e  and Beckman (1974) c a l c u l a t e  day l eng th  wi th :  
2 - 1 T =- 
d 15 cos (-tan @ t a n  6) 
where Td = day l eng th ,  h r s .  
@ = l a t i t u d e  
6 = d e c l i n a t i o n  
The d e c l i n a t i o n  can be approximated by 
( 2  84+N) 6 = 23.45 s i n  360 -( 365 
where N i s  t h e  day of t h e  year .  
The r a i n f a l l  c o r r e c t i o n  f a c t o r  R,  developed by P i e r c e  (1960), 
was used t o  a d j u s t  UPE f o r  t h e  in f luence  of cloud cover and humidity 
on days wi th  measurable p r e c i p i t a t i o n .  R was taken a s  0.5 on days 
wi th  r a i n f a l l  g r e a t e r  than 0.01 inch.  
D i s  t h e  co r r ec t ion  f a c t o r  f o r  t h e  degree of s o i l  dryness .  
D was assumed t o  be 1.0 when t h e  water  t a b l e  was wi th in  t h e  permeable 
top  l a y e r  of s o i l  and/or  when t h e r e  was a v a i l a b l e  water i n  t h e  s o i l .  
D was 0.0 when t h e  d r a i n a b l e  wate r  and t h e  a v a i l a b l e  wate r  s u p p l i e s  
were dep l e t ed .  It was assumed t h a t  if t h e  wate r  t a b l e  was w i t h i n  t h e  
19-inch permeable t o p  s o i l  l a y e r  t h e  c a p i l l a r y  f r i n g e  would keep t h e  
s o i l  s u r f a c e  mois t .  There fore ,  when t h i s  c o n d i t i o n  e x i s t e d ,  evapo ra t i on  
was assumed t o  t a k e  p l a c e  on ly  from t h e  wate r  t a b l e  and no t  from 
a v a i l a b l e  s o i l  mois tu re .  S ince  t h e  e n t i r e  s o i l  p r o f i l e  had t o  b e  a t  
f i e l d  c a p a c i t y  b e f o r e  t h e  wa t e r  t a b l e  could b e  r a i s e d  and s i n c e  
evapo ra t i on  t ook  p l a c e  on ly  from t h e  wate r  t a b l e  when i t  w a s  w i t h i n  
19 i nches  of t h e  s u r f a c e ,  t h e  s o i l  p r o f i l e  could no t  start d ry ing  ou t  
u n t i l  t h e  wate r  t a b l e  had been lowered below t h a t  depth.  
Th i s  assumption was used because s e v e r a l  r e s e a r c h e r s  have' 
p r e sen t ed  r e s u l t s  which suppor t  it .  Keen (1927) demonstrated t h e  
l i m i t e d  i n f l u e n c e  of evapo ra t i on  on t h e  wate r  t a b l e  f o r  d e p t h s  of 35, 
70, and 85 cen t ime t e r s  (12,  28, and 33 inches )  f o r  a  c o a r s e  sand ,  
f i n e  sand, and heavy loam s o i l ,  r e s p e c t i v e l y .  Veihmeyer and Brooks 
(1954) found a  sha rp  r educ t i on  i n  annual  evapo ra t i on  Qhen wa t e r - t ab l e  
dep th  changes from 1.0 f o o t  i n  a f i n e  sand t o  1 .5  f e e t  i n  a s i l t  loam. 
L a l i b e r t e  and Rapp (1965) found t h a t  w i th  t i l e  d r a inage  evapo ra t i on  
was.no l onge r  i n f l uenced  by t h e  water t a b l e  when i t  reached a dep th  of 
. .- 
1.5 t o  2.0 f e e t .  Penman (1948) found t h a t  a wa t e r - t ab l e  dep th  of 10 
i nches  i n  a  b a r e  s o i l  c y l i n d e r  k e p t  t h e  s o i l  s u r f a c e  mois t  excep t  
du r ing  extended p e r i o d s  w i thou t  r a i n f a l l .  Gardner and Fireman (1957) 
concluded t h a t  i f  t h e  wate r  t a b l e  is  lowered below 2 o r  3 f e e t  
evapo ra t i on  is  in f l uenced  on ly  s l i g h t l y  by t h e  wa t e r  t a b l e .  Aldabagh 
and Beer (1975) found t h a t  i f  t h e  water  t a b l e  was kept  below a depth 
of 1.5 t o  2.0 f e e t ,  t h e  s o i l  su r f ace  would be dry enough t o  permit 
sp r ing  plowing. 
I r r i g a t i o n  was s e t  a t  1 .0 inch per  a p p l i c a t i o n  and was appl ied  
each day between June 1 and August 31 i f  t h e  a v a i l a b l e  s o i l  mois ture  
content  was 2.5 inches  o r  l e s s .  I n  t h e  event t h e r e  was i n s u f f i c i e n t  
wa te r  i n  t he  r e s e r v o i r  f o r  a 1.0-inch i r r i g a t i o n ,  whatever water  was i n  
t h e  r e s e r v o i r  was i r r i g a t e d  uniformly over t h e  f i e l d .  I n  a l l  cases  an  
i r r i g a t i o n  e f f i c i e n c y  of 1.0 was assumed. 
The S o i l  Conservation Serv ice  (SCS) method of p red ic t ing  
su r f ace  runoff was used i n  t h e  s imula t ion  model. The equat ion f o r  
p red ic t ing  su r f ace  runoff is given by t h e  U.S. S o i l  Conservation 
Service (1972) a s  fol lows:  
where 
Q = d i r e c t  s u r f a c e  runoff ( i n . )  
I = storm r a i n f a l l  ( i n . )  
S = maximum p o t e n t i a l  d i f f e r e n c e  between r a i n f a l l  and runof f ,  
s t a r t i n g  a t  t h e  time of t h e  s torm's  beginning ( in . )  
The term S i s  f u r t h e r  def ined  a s  fol lows:  
where 
CN .= an a r b i t r a r y  curve number varying from 0 t o  100 
The curve number CN depends o n i n f i l t r a t i o n  r a t e  of t h e  s o i l ,  antecedent  
moisture condi t ion ,  land use ,  su r f ace  cover,  t ime of t h e  year ,  and 
conserva t ion  p rac t i ce s .  
By s u b s t i t u t i n g  t h e  app ropr i a t e  curve number f o r  t h e  ante-  
cedent moisture cond i t i on  i n t o  Equation (7),  t h e  va lue  of S can be  
determined. When r a i n f a l l  exceeds t h e  va lue  of 0.2s ( c a l l e d  i n i t i a l  
a b s t r a c t i o n  I a ) ,  d i r e c t  su r f ace  runoff can b e  ca l cu la t ed  by subs t i -  
t u t i n g  S i n t o  Equation (6)  along wi th  t h e  amount of r a i n f a l l ,  and 
so lv ing  f o r  Q. 
Runoff a l s o  occurred when t h e  two s o i l  water regimes were 
f u l l  of water.  Any i n f i l t r a t i o n  i n  excess  of t h e  amount requi red  t o  
f i l l  t h e  a v a i l a b l e  water capac i ty  and t h e  d r a i n a b l e  water  capac i ty  
was included i n  t h e  runoff .  This  i s  equiva len t  t o  s u r f a c e  d ra in ing  
pools  of water  from s a t u r a t e d  ground. 
Subsurface drainage was ca l cu la t ed  by mul t ip ly ing  t h e  change 
i n  water  t a b l e  he igh t  by t h e  d r a i n a b l e  po ros i ty  and s u b t r a c t i n g  t h e  
con t r ibu t ions  of p r e c i p i t a t i o n  and evapot ranspi ra t ion .  Dai ly water  
t a b l e  he igh t s  were ca l cu la t ed  us ing  t h e  van Schi l fgaarde  dra inage  
equat ion a s  given by Young and Ligon (1972). This  equat ion g ives  t h e  
hei,ght of t h e  water  t a b l e  Y a t  t h e  end of t h e  Nth t ime per iod  based N 
on t h e  he igh t  of t h e  water t a b l e  from t h e  previous day YN - a s  
fo l lows  : 
where 
Y = water- table  he ight  above t h e  t i l e  a x i s  midway between t i l e  
l i n e s  a t  t h e  end of t h e  Nth t ime per iod  ( i n . )  
P = n e t  a c c r e t i o n  r a t e  i n  t h e  Nth period ( in . /day)  
n 
N = t ime i n t e r v a l  (days) 
A = ~FCS/K (days) 
f  = dra inab le  pore space 
S = d r a i n  spacing ( f t . )  
K = hydrau l i c  conduct iv i ty  (ft../day) 
C = t h e  r a t i o  of t h e  average f l u x  between t h e  d r a i n s  t o  t h e  
f l u x  midway between t h e  d r a i n s  
F = t h e  va lue  of an  i n f i n i t e  s e r i e s  which i s  a  func t ion  of 
r / S  and .d/S 
r = d r a i n  r ad ius  ( f t .  ) 
d = depth t o  an impermeable l a y e r  below t h e  d r a i n  a x i s  ( f t . )  
The parameter A has dimensions of t ime and desc r ibes  t h e  
geometry of t h e  dra inage  system a s  w e l l  a s  t h e  phys i ca l  p r o p e r t i e s  of 
t h e  s o i l .  A s  seen  from t h e  r e l a t i o n s h i p  givep above, A i s  a  func t fon  
of d r a i n  r a d i u s ,  spacing,  depth t o  an  impermeable l a y e r  below t h e  
d r a i n  a x i s ,  hyd rau l i c  conduct iv i ty ,  and d ra inab le  pore space. 
The dra i r .ab le  pore space f  i s  dimensionless  and i s  expressed 
a s  a  f r a c t i o n  of t h e  t o t a l  s o i l  volume. The va lue  of f  i s  assumed 
t o  remain cons tan t  f o r  a  given s o i l  r ega rd l e s s  of mois ture  content .  
The f a c t o r  C a s  used above i s  a  shape f a c t o r  f o r  t h e  water 
t a b l e  which was f i r s t  introduced by Bouwer and van Schidfgaarde (1963). 
It accounts  f o r  t h e  change i n  t h e  shape of t h e  water  t a b l e  dur ing  draw- 
down. According t o  Bouwer and van Sch i l fgaa rde ,  C can gene ra l ly  be 
s e l e c t e d  a s  uni ty .  
I? is  an i n f i n i t e  s e r i e s  which was t abu la t ed  by Tokosz and 
Kirkham (1961). A s  can be  seen by t h e  equat ion given below, F i s  a 
funct ion  of d r a i n  r ad ius  r ,  spacing S, and depth t o  t h e  impermeable 
l a y e r  d. 
The symbol P is  t h e  r a t e  t h e  excess water  i s  added t o  t h e  N 
s o i l  p r o f i l e .  It r ep resen t s  t h a t  p a r t  of t h e  p r e c i p i t a t i o n  occurr ing 
i n  t h e  Nth t ime period which moves through t h e  s o i l  p r o f i l e  and i s  
added t o  t h e  water  t ab le .  The r a t e  of excess moisture add i t ion  i s  
cons tant  and i s  assumed t o  t ake  p lace  over  t h e  e n t i r e  l eng th  of t h e  
Nth time period.  Before P can have a va lue  g r e a t e r  than zero ,  t h e  N 
moisture content  of t h e  s o i l  must be a t  o r  g r e a t e r  than f i e l d  
capaci ty .  
2. Reservoir  Water System 
The r e s e r v o i r  i n p u t s  and outputs  a r e  shown i n  F igure  7 .  
The' subsurface drainage,  runoff ,  p r e c i p i t a t i o n ,  and i r r i g a t i o n  a r e  
defined and described i n  t h e  s o i l  water balance s e c t i o n .  
The r e s e r v o i r  su r face  was assumed t o  be one t e n t h  the  
s i z e  of t h e  cropland a r e a  f o r  t h e  purpose of propor t ioning  t h e  precip-  
i t a t i o n  and evaporat ion from t h e  r e s e r v o i r  su r face .  
The d a i l y  evaporat ion from the  r e s e r v o i r  was determined from 
t h e  d a i l y  pan evaporat ion records from Effingham, I l l i n o i s .  Reservoir 
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evapora t ion  was assumed t o  be  78% of pan evaporat ion.  Reservoir  
evaporat ion was est imated f o r  d a t e s  when pan evapora t ion  was no t  
a v a i l a b l e  from t h e  average monthly r e s e r v o i r  evaporat ion va lues  
r epo r t ed  by Roberts  and S t a l l  (1967). 
DaTly n e t  i npu t s  i n t o  t h e  r e s e r v o i r  i n  excess  of t h a t  
requi red  t o  f i l l  t h e  r e s e r v o i r  t o  i t s  maximum capac i ty  were 
assumed t o  overflow from t h e  r e s e r v o i r  and l e a v e  t h e  s o i l  and 
r e s e r v o i r  systems. The maximum r e s e r v o i r  capac i ty  was a v a r i a b l e  
i n  t h e  model. . 
3. Water Balance Simulation Resu l t s  
The model was used t o  p r e d i c t  t h e  e f f e c t  of s i z e  of s t o r a g e  
r e s e r v o i r  on t h e  p r o b a b i l i t y  t h a t  i t  would go dry.  The model used 
c l ima to log ica l  d a t a  from Effingham, I l l i n o i s , f o r  t h e  yea r s  1951 t o  
1971 and s imulated i r r i g a t i o n  of t h e  crop us ing  va r ious  s i z e  r e s e r v o i r s .  
The r e s e r v o i r  s i z e  was s p e c i f i e d  by t h e  number of inches  of water i t  
would hold from t h e  e n t i r e  watershed. For example, a 2-inch r e s e r v o i r  
could hold enough water a t  one time t o  cover t h e  e n t i r e  watershed wi th  
2 inches  of water.  It was assumed t h a t  t h e  e n t i r e  watershed was 
i r r i g a t e d  cropland. Reservoir  s i z e  was v a r i e d  from 1 inch  t o  15  inches .  
F igure  8 shows t h e  r e s u l t  of t h e  s imula t ion .  
F igure  8 shows t h e  percentage of yea r s  i n  which t h e  r e s e r v o i r  
would go d ry  a t  l e a s t  once dur ing  t h e  i r r i g a t i o n  season a s  a func t ion  
of t h e  r e s e r v o i r  s i z e .  The watershed was s imulated a s  having d r a i n  
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l i n e s  spaced every 500 f t ,  which i s  p r a c t i c a l l y  equ iva l en t  t o  no 
subsur face  dra inage .  The d a t a  show t h a t  w i th  a  1-inch o r  sma l l e r  
r e s e r v o i r  t h e  s t o r a g e  r e s e r v o i r  was empty and i r r i g a t i o n  water  was 
l ack ing  sometime dur ing  about 95% of t h e  years .  The d a t a  a l s o  show 
t h a t  14 i nches  of s t o r a g e  a r e  r equ i r ed  t o  prevent  t h e  r e s e r v o i r  from 
going d ry  a t  any t i m e  dur ing  t h e  21-year per iod  s imulated.  
Approximately 10  inches  of s t o r a g e  would b e  r equ i r ed  t o  keep t h e  
r e s e r v o i r  from going dry  except  i n  one ou t  of d0 yea r s .  Approximately 
8 i nches  of s t o r a g e  would b e  r equ i r ed  t o  keep it from going dry  except  
i n  one ou t  of f i v e  years .  
F igure  9 shows t h e  r e s u l t s  of another  s imula t ion .  This  
s imu la t i on  was e x a c t l y  t h e  same a s  t h e  one i l l u s t r a t e d  i n  F igu re  8 
except  t h a t  subsur face  dra inage  was added. Drain l i n e  spac ing  was10  
f e e t .  Ten f e e t  was chosen because of a  s u b j e c t i v e  d e c i s i o n  t h a t  
narrower spac ings  could no t  be  economically f e a s i b l e .  
F igure  10  i s  a  comparison of t h e  d a t a  from F igu re s  8 and 9. 
This  comparison c l e a r l y  shows t h a t ,  i n  o rde r  t o  main ta in  a  given 
i r r i g a t i o n  dependab i l i t y ,  more r e s e r v o i r  s t o r a g e  i s  r equ i r ed  i f  t h e  
land  i s  subsur face  dra ined  than  i f  i t  i s  no t  subsu r f ace  dra ined .  This  
r e s u l t  occurs  because t h e  subsur face  d ra inage  system removes p a r t  of t h e  
s t o r e d  water  from t h e  s o i l  causing i t  t o  need more i r r i g a t i o n  l a t e r  i n  
t h e  year .  This  does no t  mean t h a t  nondra ined .  c rops  would n e c e s s a r i l y  
have a  b e t t e r  crop dependab i l i t y .  A h ighe r  l e v e l  of i r r i g a t i o n  
dependab i l i t y  means lower r i s k  of c rop  f a i l u r e s  from drought .  On t h e  
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o t h e r  hand, a h i g h e r  level of  d r a i n a g e  means lower  r i s k  of c r o p  
f a i l u r e  from r o o t  i n u n d a t i o n ,  low s o i l  t empera tu re ,  poor  t r a f f i c -  
a b i l i t y ,  e t c .  
I n  o r d e r  t o  de te rmine  t h e  real v a l u e  o f  h i g h  i r r i g a t i o n  
d e p e n d a b i l i t y  o r  good d r a i n a g e  i t  i s  n e c e s s a r y  t o  know t h e i r  
i n t e r d e p e n d e n t  e f f e c t  on c o r n  y i e l d .  The n e x t  s e c t i o n  d e s c r i b e s  
t h i s  p a r t  of t h e  model. 
C. YIELD PREDICTION MODEL 
I r r i g a t i o n  d e p e n d a b i l i t y  and s u b s u r f a c e  d r a i n a g e  a l o n g  
w i t h  wea ther ,  technology,  and numerous o t h e r  less impor tan t  f a c t o r s  
de te rmine  c o r n  y i e l d  f o r  a g iven  set of s o i l  f a c t o r s .  I r r i g a t i o n ,  
s u b s u r f a c e  d r a i n a g e ,  and weather  are p r i n c i p a l l y  r e l a t e d  t o  y i e l d  
through t h e  f a c t o r s  of s o i l  m o i s t u r e  and t empera tu re .  The model 
under  development r e l a t e s  s o i l  m o i s t u r e  and a i r  t e m p e r a t u r e  t o  c r o p  
y i e l d .  
1. Model Development 
The model i s  b r i e f l y  d e s c r i b e d  a s  f o l l o w s .  The w a t e r  
b a l a n c e  model was used t o  g e n e r a t e  t h e  s o i l  m o i s t u r e  and average  d a i l y  
t e m p e r a t u r e  d a t a  t h a t  would have been expec ted  i n  Effingham county,  
I l l i n o i s ,  a county t h a t  h a s  l a r g e l y  c laypan  s o i l s .  The d a t a  was 
genera ted  u s i n g  no i r r i g a t i o n  and no d r a i n a g e .  A m u l t i p l e  r e g r e s s i o n  
e q u a t i o n  was t h e n  developed t o  r e l a t e  t h e  s o i l  m o i s t u r e  and t empera tu re  
d a t a  t o  t h e  Effingham county  average  c rop  y i e l d s  which were  c o r r e c t e d  
t o  a s t a n d a r d  technology l e v e l .  The w a t e r  b a l a n c e  model was 
t h e n  used t o  s i m u l a t e  t h e  d a i l y  s o i l  m o i s t u r e  i f  d r a i n a g e  a n d / o r  
i r r i g a t i o n  were used i n  a runof f  r e c y c l i n g  system. F i n a l l y ,  t h e  
r e g r e s s i o n  e q u a t i o n  was used t o  p r e d i c t  t h e  new c r o p  y i e l d s  r e s u l t i n g  
from t h e  changed d a i l y  s o i l  m o i s t u r e .  
Two c r i t i c a l  t i m e s  d u r i n g  t h e  development o f  t h e  p l a n t  are 
p l a n t i n g  and a n t h e s i s .  The m o i s t u r e  and t empera tu re  l e v e l s  a t  t h e s e  t i m e s  
are v e r y  impor tan t .  T h e r e f o r e ,  t h e  pr imary v a r i a b l e s  used i n  t h e  r e g r e s -  
s i o n  e q u a t i o n  f o r  t h e  p r e d i c t i o n  of y i e l d  were a v e r a g e  s o i l  m o i s t u r e  and 
a v e r a g e  maximum tempera tu re  f o r  t h e  p l a n t i n g  p e r i o d  and f o r  t h e  
a n t h e s i s  p e r i o d .  The p l a n t i n g  p e r i o d  was d e f i n e d  a s  t h e  month of May. 
The a n t h e s i s  p e r i o d  was d e f i n e d  as t h e  month of J u l y .  
The g e n e r a l  form of t h e  m u l t i p l e  r e g r e s s i o n  e q u a t i o n  was 
as fo l lows :  
where 
Y t  = Effingham County annua l  c o r n  y i e l d ,  c o r r e c t e d  t o  1970 technology 
l e v e l ,  bu /ac .  
M = Average a v a i l a b l e  s o i l  m o i s t u r e  d u r i n g  p l a n t i n g  p e r i o d  a s  pre- 
d i c t e d  by wate r  b a l a n c e  model 
M = Average a v a i l a b l e  s o i l  m o i s t u r e  d u r i n g  a n t h e s i s  p e r i o d  a s  
p r e d i c t e d  by water b a l a n c e  model 
T1 = Average d a i l y  maximum tempera tu re  d u r i n g  p l a n t i n g  p e r i o d  a s  
recorded  a t  Effingham, I l l i n o i s  
T2 = Average d a i l y  maximum tempera ture  du r ing  a n t h e s i s  pe r i od  as 
recorded a t  Effingham, I l l i n o i s  
Ci = Cons tan t s  
Annual c o r n  y i e l d s  f o r  Effingham county were modif ied t o  
account  f o r  t h e  gene ra l  i n c r e a s e  i n  c o r n  y i e l d s  which had occur red  i n  
t h e  l a s t  s e v e r a l  y e a r s  due on ly  t o  an i n c r e a s e  i n  technology such a s  
b e t t e r  c rop  v a r i e t i e s  and b e t t e r  f e r t i l i z e r  p r a c t i c e s .  The a c t u a l  c o r n  
y i e l d s  were approximated by a  b e s t  f i t  s t r a i g h t  l i n e  as shown i n  
F igu re  11. The l i n e  r e p r e s e n t s  what t h e  c o r n  would y i e l d  i f  average  
weather  c o n d i t i o n s  had e x i s t e d  f o r  each yea r .  The d i f f e r e n c e  between 
t h e  y i e l d  p r e d i c t e d  by t h e  s t r a i g h t  l i n e  f o r  a  g iven  yea r  and t h e  
a c t u a l  y i e l d  was assumed t h e  r e s u l t  of y e a r l y  weather  c o n d i t i o n s ,  
namely, s o i l  mo i s tu r e  and . tempera ture .  The equa t i on  f o r  t h e  s t r a i g h t  
l i n e  is: 
Y = -75.4 + 2 . 2 3  N 
P  (12) 
where 
Yp = p r e d i c t e d  y i e l d  f o r  average  weather  c o n d i t i o n s  
N = number of yea r ,  i.e. f o r  1970, N = 70 
The a c t u a l  a n n u a l y i e l d  was c o r r e c t e d  t o  t h e  technology l e v e l  
of 1970 u s i n g  t h e  fo l lowing  equa t ion :  
't = Yie ld  c o r r e c t e d  t o  1970 technology l e v e l  
Y = Actua l  y i e l d  
Y = P r e d i c t e d  1970 y i e l d  f o r  average  wea ther  c o n d i t i o n s  
P 70 

Y = Predic ted  y i e l d  f o r  average weather cond i t ions ,  
not  co r rec t ed  f o r  technology 
The r e s u l t s  of t h e s e  c a l c u l a t i o n s  a r e  shown i n  Table 4. 
A s tepwise mul t ip l e  r eg res s ion  a n a l y s i s  was used t o  
determine t h e  c o e f f i c i e n t s ,  Ci,  i n  Equation (11) us ing  t h e  technology 
correc ted  y i e l d  d a t a  from Table 4. The opt imiza t ion  c r i t e r i o n  f o r  t h e  
r eg res s ion  a n a l y s i s  was minimum r e s i d u a l  sum of squares.  
The r e s u l t i n g  equat ion was: 
A comparison between t h e  a c t u a l  cor rec ted  y i e l d s  and t h e  y i e l d s  pre- 
d i c t e d  by Equation ( l l a )  is  shown i n  Table 5. 
2. Model Resu l t s  
The water balance s imula t ion  model was then used t o  genera te  . 
t h e  s o i l  moisture cond i t ions  which would have occurred under d i f f e r e n t  
combinations of i r r i g a t i o n  and drainage.  The y i e l d  p red ic t ion  
equat ion,  Equation ( l l a ) ,  was used t o  p r e d i c t  t h e  y i e l d s  which would 
r e s u l t  under t h e  s imulated moisture condi t ions .  The i r r i g a t i o n  and 
drainage combinations s tudied  were: 
1 )  no i r r i g a t i o n  and no drainage 
2) i r r i g a t i o n  wi th  no drainage 
3) dra inage  (d ra in  spacing = 10 f t . )  wi th  no i r r i g a t i o n  
4) i r r i g a t i o n  wi th  drainage 
Table 4. Comparison of a c t u a l ,  p redic ted  ( f o r  average weather) ,  
and technology correc ted  y i e l d s .  
ACTUAL PREDICTED CORRECTED 
YEAR 
-
YIELD YIELD YIELD 
Table  5. Comparison of technology c o r r e c t e d  a c t u a l  y i e l d s  and 
y i e l d s  p r e d i c t e d  from s o i l  m o i s t u r e  and t e m p e r a t u r e  
d a t a  u s i n g  Equat ion l l a .  
CORRECTED PREDICTED 
YEAR YIELD YIELD 
The r e s u l t s  a r e  shown i n  Tab le  6. 
S t a t i s t i c a l  a n a l y s i s  of t h e  d a t a  i n  Tab le  6 shows t h a t  y i e l d  
i s  n o t  s i g n i f i c a n t l y  improved e i t h e r  by d r a i n a g e  a l o n e  o r  by i r r i g a t i o n  
a l o n e .  I r r i g a t i o n  p l u s  d r a i n a g e  s i g n i f i c a n t l y  improves y i e l d  a t  t h e  
95% c o n f i d e n c e  l e v e l .  A t  t h e  95% c o n f i d e n c e  l e v e l  t h e  improvement i n  
y i e l d  w i t h  i r r i g a t i o n  p l u s  d r a i n a g e  a s  p r e d i c t e d  by t h e  model is  
0.46 b u s h e l s  p e r  a c r e  p e r  y e a r .  One shou ld  n o t  conc lude  t h a t  t h i s  i s  
t h e  t r u e  i n c r e a s e  i n  y i e l d  which c o u l d  b e  a t t a i n e d  by d r a i n a g e  and 
i r r i g a t i o n .  I n s t e a d ,  i t  i s  concluded t h a t  t h e  model is n o t  a b l e  t o  
a d e q u a t e l y  s i m u l a t e  t h e  growing c o n d i t i o n s  and subsequent  y i e l d  of 
t h e  c o r n .  . 
D .  DISCUSSION OF WATER BALANCE AND YIELD MODEL RESULTS 
The model was des igned  t o  produce two impor tan t  r e s u l t s .  The 
f i r s t  was t h e  i n c r e a s e  i n  y i e l d  which shou ld  b e  expec ted  on c laypan  
s o i l  w i t h  t h e  a d d i t i o n  of a n  i r r i g a t i o n  system o r  a d r a i n a g e  system 
o r  bo th .  The second was a n  i n d i c a t i o n  of t h e  r e q u i r e d  s i z e  of a 
s u r f a c e  s t o r a g e  r e s e r v o i r  t o  p rov ide  a dependable  i r r i g a t i o n  s o u r c e .  
T h i s  i n f o r m a t i o n  is  c r i t i c a l  i n  o r d e r  t o  make a n  e x t e n s i v e  economic 
a n a l y s i s  o f  a runof f  r e c y c l i n g  system. 
The mod'el was n o t  a b l e  t o  r e a s o n a b l y  p r e d i c t  y i e l d s  which 
would r e s u l t  from t h e  a d d i t i o n  o f  i r r i g a t i o n  a n d / o r  d r a i n a g e  systems 
t o  c laypan  s o i l s .  The model p r e d i c t e d  a d e c r e a s e  i n  y i e l d  as a 
r e s u l t  o f  s u b s u r f a c e  d r a i n a g e  a l o n e .  T h i s  i s  c o n t r a r y  t o  a l l  o t h e r  
e x p e r i m e n t a l  ev idence  found i n  t h i s  s t u d y .  The model p r e d i c t e d  v e r y  
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l i t t l e  i n c r e a s e  i n  y i e l d  due t o  i r r i g a t i o n  a lone .  Again, t h i s  i s  
c o n t r a r y  t o  a l l  o t h e r  exper imenta l  ev idence  found i n  t h i s  s tudy .  From 
t h i s  ev idence  i t  w a s  concluded t h a t  t h e  model w a s  unab le  t o  p r e d i c t  
r e a sonab ly  expected y i e l d s .  The f a i l u r e  of  t h e  model may have been i t s  
i n a b i l i t y  t o  s i m u l a t e  a  water ba l ance ,  o r  i t s  i n a b i l i t y  t o  p r e d i c t  y i e l d s  
from t h e  wate r  ba l ance  d a t a ,  o r  perhaps  bo th .  There i s  r ea son  t o  su spec t  
t h a t  t h e  wate r  ba l ance  model may b e  r ea sonab ly  a c c u r a t e .  That a n a l y s i s  
w i l l  b e  p r e sen t ed  later .  Th i s  l e a v e s  t h e  conc lu s ion  t h a t  t h e  r e g r e s s i o n  
equa t i on  w a s  no t  a b l e  t o  p r e d i c t  y i e l d s  from t h e  s o i l  mo i s tu r e  and 
tempera ture  d a t a .  
The f a i l u r e  of  t h e  y i e l d  r e g r e s s i o n  equa t i on  may b e  a t t r i b u t e d  
t o  t h e  f a c t  t h a t  t h e  weather  d a t a  used t o  s i m u l a t e  t h e  s o i l  mo i s tu r e  d a t a  
was from t h e  Effingham weather  s t a t i o n  wh i l e  t h e  y i e l d  d a t a  used t o  
develop t h e  r e g r e s s i o n  equa t i on  w a s  t h e  average  county y i e l d .  Given t h e  
v a r i a b i l i t y  of s torms du r i ng  t h e  growing season  i t  i s  probab le  t h a t  t h e  
weather  s t a t i o n  d a t a  d i d  n o t  adequa t e ly  r e p r e s e n t  t h e  r a i n f a l l  r e ce ived  
: 
by t h e  average  co rn  f i e l d .  
Another p o s s i b i l i t y  f o r  e r r o r  w a s  t h e  c o r r e c t i o n  of y i e l d s  
f o r  t e c h n o l o g i c a l  a d v a n c e s .  It was assumed t h a t  technology i n c r e a s e d  a t  
a  l i n e a r  rate. Some technology,  such as t h e  i n t r o d u c t i o n  of hyb r id  
v a r i e t i e s ,  may have caused y i e l d s  t o  i n c r e a s e  r a p i d l y  i n  a ve ry  few 
y e a r s ,  c aus ing  t h e  technology t r end  t o  b e  more n e a r l y  l i k e  a s t e p  f u n c t i o n  
t han  a l i n e a r  f unc t i on .  
S t i l l  ano the r  p o s s i b i l i t y  f o r  e r r o r  was t h a t  t h e  r e p o r t e d  
county average  y i e l d  d a t a  d i d  no t  adequa t e ly  r e p r e s e n t  t h e  t r u e  
average y i e l d .  Data i n d i c a t e  t h a t  dur ing  yea r s  w i t h  unfavorable  
weather cond i t i ons  a s u b s t a n t i a l l y  fewer number of c rop  a c r e s  were 
repor ted .  Presumably, t h e s e  a c r e s  not  r epo r t ed  w e r e  a c r e s  no t  
p lan ted  o r  perhaps no t  harves ted  because of unfavorable  weather con- 
d i t i o n s .  I f  t h e s e  assumptions a r e  v a l i d ,  i t  means t h a t  only y i e l d s  
from t h e  b e t t e r  cropland were r epo r t ed  dur ing  poor y e a r s  whi le  y i e l d s  
from a l l  cropland,  inc lud ing  marginal  cropland,  were repor ted  dur ing  
good weather years .  The model d i d  no t  c o r r e c t  f o r  t h i s  r e p o r t i n g  
discrepancy.  
The accuracy of t h e  water  ba lance  model is r e l a t i v e l y  
d i f f i c u l t  t o  judge. The informat ion  i t  produces which i s  used f o r  
y i e l d  p r e d i c t i o n  is s o i l  mois ture  d a t a ,  and long te rm reco rds  of 
s o i l  mois ture  i n  claypan s o i l s  a r e  no t  a v a i l a b l e .  However, t h e  
water  ba lance  model is a l s o  used t o  p r e d i c t  t h e  r e l a t i o n s h i p  between 
a r e s e r v o i r ' s  s i z e  and i t s  dependab i l i t y  a s  an i r r i g a t i o n  source.  
Evidence t h a t  t h i s  p r e d i c t i o n  i s  reasonable  adds c r e d i b i l i t y  t o  t h e  
model s i n c e  s o i l  mois ture  is d i r e c t l y  r e l a t e d  t o  i r r i g a t i o n .  
R e c a l l  t h a t  t h e  water  ba lance  model p r ed i c t ed  t h a t  approx- 
imate ly  12 inches  of s t o r a g e  would be  requi red  t o  keep t h e  r e s e r v o i r  
from going d ry  except  i n  10% of t h e  yea r s .  This  compares favorab ly  
w i t h  a U.S. S o i l  Conservat ion Serv ice  (1969) e s t i m a t e  t h a t  1 .5  f t .  of 
r e s e r v o i r  s t o r a g e  is requi red  per  i r r i g a t e d  a c r e  i n  humid a r e a s .  The 
SCS e s t i m a t e  d i d  no t  d i s c r i m i n a t e  between s o i l  types .  
An equa t ion  re fe renced  by Schwab (1976) may b e  used t o  
e s t i m a t e  t h e  water  y i e l d  from a watershed. The equa t ion  i s  
Y = 5.04 log  A - 0.56 ( log  A ) ~  - 3.98 log  T (14) 
- 0.15 ( l og  A) ( log  T )  + 3.89 
where 
Y = annual y i e l d ,  i n .  
A 3: watershed a r e a ,  a c r e s  
T = r e t u r n  per iod ,  y e a r s  
Assuming a watershed of  80 a c r e s  is used t o  supply water  t o  
i r r i g a t e  i t s e l f ,  and assuming a r e t u r n  per iod  of 10  y e a r s ,  t h e  
equa t ion  r e s u l t s  i n  a water  y i e l d  of 7.17 inches.  The water  ba lance  
model p r e d i c t s  a needed i r r i g a t i o n  amount i n  excess  of 7.0 inches  
w i t h  a recur rence  i n t e r v a l  of seven yea r s .  The two r ecu r r ence  
i n t e r v a l s  should be reasonably c l o s e  bu t  a r e  n o t  e x a c t l y  comparable 
because Equation (14) does n o t  t ake  i n t o  cons ide ra t i on  s t o r a g e  
capac i ty  o r  s o i l  type  and t h e  equa t ion  was developed f o r  Ohio, no t  
c e n t r a l  I l l i n o i s .  Never the less ,  t h e  equa t ion  r e s u l t s  do show t h a t  a 
watershed i n  a humid a r e a  should y i e l d  s u f f i c i e n t  water  f o r  i t s  own 
i r r i g a t i o n ,  a s  p r ed i c t ed  by t h e  model. 
V I I I .  EYWTPLE COST ESTIMATE 
A meaningful example cos t  es t imate  can inc lude  only  t h e  c o s t s  
and b e n e f i t s  of a  r ecyc l ing  r e s e r v o i r  and an i r r i g a t i o n  system. It does 
not  include c o s t s  o r  b e n e f i t s  a s soc ia t ed  wi th  n u t r i e n t  recycl ing ,  
p e s t i c i d e  recycl ing ,  o r  drainage. Nutr ien t  o r  p e s t i c i d e  r ecyc l ing  a r e  
not  included because evidence i n d i c a t e s  t h a t  they have a  n e g l i g i b l e  
economic e f f e c t .  Drainage is not  included f o r  two reasons.  F i r s t ,  no 
means were found t o  p red ic t  t h e  i n t e r a c t i v e  e f f e c t  on expected y i e ld  
when both  i r r i g a t i o n  and drainage systems a r e  used. Second, s ince  
dra inage  systems can be i n s t a l l e d  without a  recycl ing  system, t h e i r  
b e n e f i t  can be  analyzed independently of t h e  recycl ing  system. This 
does not mean t h a t  t h e  b e n e f i t  of a  drainage system w i l l  be t h e  same 
wi th  o r  without t h e  r ecyc l ing  system. A dra inage  system would have 
more b e n e f i t  with t h e  r ecyc l ing  system than without because the  
drainage system could remove excess water i n  in s t ances  where heavy 
r a i n f a l l  fol lows i r r i g a t i o n .  Flowever, a s  s t a t e d  before ,  t h i s  i n t e r -  
a c t i v e  e f f e c t  has no t  been quan t i f i ed .  
I f  t h e  method of Dawes and Wathne (1968) i s  used t o  determine 
t h e  r e s e r v o i r  c o s t  and t h e  method of Schwab and Kidder (1976) i s  used t o  
determine o the r  i r r i g a t i o n  c o s t s ,  an es t imate  can be  made of t h e  r e t u r n s  
needed from a Runoff Recycling System t o  j u s t i f y  t h e  investment.  
Consider Equation (1) wi th  a  s to rage  of 100 ac re - f ee t  and a  
land p r i c e  cos t  of $500/acre. 
Increas ing  P t o  1976 cons t ruc t ion  c o s t s  us ing  t h e  method suggested by 
C 
Dawes and Wathne (1968), Pc=$150,000 o r  $1500/acre-ft .  c o s t  of s to rage .  
Assuming a r e s e r v o i r  l i f e  of 50 y e a r s  and an  i n t e r e s t  r a t e  of 8%, t h e  
c a p i t a l  recovery f a c t o r  i s  0.082 and t h e  annual  c o s t  pe r  a c r e  f o r  t h e  
r e s e r v o i r  i s  $120. 
Using t h e  method of Schwab and Kidder (1976) t o  c a l c u l a t e  
t h e  c o s t  of i r r i g a t i o n  f o r  100 a c r e s  of corn wi th  a t r a v e l e r  type 
s p r i n k l e r ,  
\ 
D i s t r i b u t i o n  hose,  s p r i n k l e r  and winch $10,635 
Pipe  l i n e  
3,300 f t .  of 6 i n .  main @ $2.15/A. = $7,095 
660 f t .  of 6 i n .  l a t e r a l  @ $ 1 . 6 5 / f t  1,090 
600 f t .  of 6 i n .  main from 
l ake  t o  f i e l d  @ $2 .15 / f t  1,290 
9,475 
Gasol ine motor and pump, 500 gpm 6,550 
Trac to r  sha re  f o r  i r r i g a t i o n  1,000 
$ 27,660 
and we have an investment of $277/acre. 
I f  we cons ider  annual c o s t s  f o r  i r r i g a t i o n  equipment a s  20% 
of investment c o s t s ,  annual equipment f i xed  c o s t  i s  $55/acre.  
Using Schwab and Kidder 's  e s t ima te s  of added i r r i g a t i o n  c o s t s  
and adapt ing  these  t o  t h e  103 bushel-per-acre i n c r e a s e  experienced a t  
t h e  1976 Brownstown i r r i g a t i o n  s tudy  c i t e d  e a r l i e r  i n  t h i s  r e p o r t ,  we 
have t h e  fol lowing e s t ima te  of c o s t s :  
Added c ropping  c o s t s  because of i r r i g a t i o n  
I n c r e a s e  p l a n t  popu l a t i on  by 5000 s eeds  u s ing  seed 
c o s t  of $40180,000 s eeds  $2.50 
Add i t i ona l  f e r t i l i z e r  
N 44 l b .  @ 1 5 ~ 1 l b .  $6.60 
P 20 3 0 ~  6 .OO 
K 10  9 C .90 
Added h a r v e s t i n g ,  hau l i ng  and dry ing  c o s t  of 
103  bu. @ 25clbu. 
Loss of l and  due t o  r e q u i r e d  equipment p a t h s  
8% x $50/acre  c a s h  r e n t a l  
Tot a1 
V a r i a b l e  c o s t s  f o r  i r r i g a t i o n  
Fue l  f o r  i r r i g a t i o n  - g a s o l i n e  @ 40cIga l .  w i t h  
pumpload of  60 HP pumping 500 gal . /min.  
r e q u i r i n g  5.4 h o u r s l a c r e  f o r  6 a c r e - i n .  
o f  wa te r  $15.23 
Labor f o r  i r r i g a t i o n  - 1 h o u r l s e t  f o r  10  a c r e s  
Thus 6 sets = .6 h o u r s l a c r e  @ $4/hour  2.40 
I r r i g a t i o n  r e p a i r s  and s e r v i c e  - 4 c I a c r e  
in. /$1000 investment  6.75 
T o t a l  $24.38 
I f  we assume t h a t  t h e r e  are no added d r a i n a g e  c o s t s  and summarize t h e  
added c o s t s  f o r  r e c y c l i n g  runo f f :  
Rese rvo i r  s t o r a g e  c o s t  
Annual equipment f i x e d  c o s t  
Added c ropping  c o s t  
V a r i a b l e  c o s t  
T o t a l  
8 1 
The break-even p r i c e  of corn wi th  t h e  1976 inc rease  i n  y i e l d  of 103 
bu . /acre  due t o  i r r i g a t i o n  w a s  
235 + 103 = $2.28/bu. 
This  is  a reasonable expected p r i c e  on today ' s  market. We 
can conclude t h a t  wi th  a y i e l d  inc rease  such a s  t h e  one t h a t  occurred 
i n  1976 a t  Brownstown recyc l ing  a g r i c u l t u r a l  runoff is  a sound a g r i c u l t u r a l  
p r a c t i c e .  Unfortunately,  cons ider ing  t h e  h i s t o r y  of crop y i e l d s  i n  t h i s  . 
a r e a  a s  shown i n  Table 1, 1976 y i e l d s  without  i r r i g a t i o n  were lower 
than usua l .  A y i e l d  inc rease  of 50 bushe ls  pe r  a c r e  would b e  more l i k e l y  
from a long-term s tandpoin t  and would n o t  g ive  a farmer t h e  economic 
incen t ive  necessary  t o  r ecyc le  a g r i c u l t u r a l  runoff  f o r  corn product ion.  
Other c rops  than  corn were no t  considered i n  t h i s  s tudy ,  and 
i t  i s  e n t i r e l y  poss ib l e  f o r  such h igh  va lue  crops a s  s t r awber r i e s ,  app le s  
o r  o t h e r  f r u i t  c rops  which a r e  adapted t o  t h e  claypan s o i l  a r ea  of 
I l l i n o i s  t o  produce a r e t u r n  from i r r i g a t i o n  t h a t  would be  g r e a t e r  on 
an average year .  
82 
I X .  CONCLUSIONS 
Recycling a g r i c u l t u r a l  runoff i s  not  an economically 
acceptable  p r a c t i c e  f o r  corn i n  t h e  claypan regions  of I l l i n o i s  under 
present  condi t ions .  The c o s t  of bu i ld ing ,  maintaining,  and ope ra t ing  
a r e s e r v o i r  and i r r i g a t i o n  system a r e  g r e a t e r  than  t h e  b e n e f i t  of 
expected y i e l d  inc reases .  Exceptions t o  t h i s  would be  where topo- 
graphic f e a t u r e s  make t h e  cons t ruc t ion  c o s t  of a r e s e r v o i r  much l e s s  
than normal. One ac re - f t .  of s to rage  i s  requi red  f o r  each a c r e  
i r r i g a t e d .  
The co inc iden ta l  recycl ing  of p e s t i c i d e s  and n u t r i e n t s  causes 
only  n e g l i g i b l e  c o s t s  and b e n e f i t s .  The low concent ra t ion  of t hese  
chemicals have very  l i t t l e  e f f e c t  on f i e l d  crops. The r ecyc l ing  system 
a l s o  he lps  keep these  chemicals ou t  of o t h e r  p a r t s  of t h e  environment 
where even low concent ra t ions  may cause cons iderable  change i n  a d e l i c a t e l y  
balanced ecosystem. However, t h e r e  a r e  no e s t ima tes  of t h e  economic 
b e n e f i t ,  i f  any, of preventing t h i s  eco log ica l  change. 
I r r i g a t i o n  i s  poss ib l e  only wi th  a r ecyc l ing  r e s e r v o i r  a s  a 
water supply. Therefore, an economic a n a l y s i s  of i r r i g a t i o n  a lone  i s  
no d i f f e r e n t  from t h a t  of a complete r ecyc l ing  system. I n  1976 i r r i g a -  
t i o n  increased  y i e l d  i n  claypan regions  of I l l i n o i s  by 103 bu. /acre.  
However, 1976 was an except ional  year  and normal expected inc reases  i n  
y i e l d  a r e  50 bu. /acre.  With a 103 bu . /acre  inc rease  i n  y i e l d  corn p r i c e s  
would have t o  be $2.28/bu. t o  break even. 
Drainage can be installed and evaluated independently of a 
recycling system. This study was not conclusive as to what degree of 
drainage was most economical. 
No estimates of the interactive effect between irrigation 
and drainage were found in the literature. The model deveLoped in 
this study .to find tihds effect was not successful. 
Future research should be centered around determining what 
. 
degree of drainage is most economical and determining the interactive 
effect between irrigation and drainage. 
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